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LIST OF TERMINOLOGY 
 
Adequate Condition: A bridge component condition rating that is 5 or greater 
Bridge Management Strategy: A method of allocating funding to bridge maintenance and 
replacement projects. Examples include the standard maintenance strategy, early maintenance 
strategy. 
Early Maintenance Strategy: A bridge management strategy that allows for higher trigger values 
than the standard maintenance strategy; maintenance and replacement treatments will be 
performed earlier in the life cycle of the bridge. 
Inadequate Condition: A bridge component condition rating that is 3 or lower. 
Late Maintenance Strategy: A bridge management strategy that allows for lower trigger values 
than the standard maintenance strategy for selected maintenance and replacement treatments. 
With this strategy, maintenance and replacement treatments will be performed later in the life 
cycle of the bridge. 
Maintenance Treatment: A bridge treatment that improves only one component condition 
rating (either deck condition rating, substructure condition rating, or superstructure condition 
rating.) Each maintenance treatment has an upper and lower bound for which it can be 
performed. These upper and lower bounds are referred to as “trigger values.” 
Performance Jump: An increase in a component condition rating that occurs when a 
maintenance or replacement treatment is performed on a bridge. 
Replacement Treatment: A bridge treatment that improves all three component condition 
ratings. 
Standard Maintenance Strategy: A bridge management strategy that simulates the trigger 
values currently used by iNDOT at which selected maintenance and replacement treatments can 
be performed. 
Threshold Value: A component condition rating used to compare different bridge management 
strategies.  
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This project investigated the effects of varying two different elements of bridge management 
strategies. The first element was a trigger value (an NBI condition rating for a bridge 
component) at which a maintenance treatment can be performed. The second element was the 
budget.  
A new software program, the Bridge Management Research System (BMRS), was created to test 
these elements of bridge management strategies for Indiana’s bridge network. BMRS is a 
simplified version of a previous bridge management software package developed by Purdue 
University, the Indiana Bridge Management System (IBMS). To test variations in the trigger 
values, three different bridge management strategies were proposed: a standard maintenance 
strategy, an early maintenance strategy, and a late maintenance strategy. The standard 
maintenance strategy allows for maintenance for bridge components with condition ratings 
from 1 to 5, the early maintenance strategy allows for maintenance for components with 
condition ratings from 1 to 6, and the late maintenance strategy allows for maintenance for 
components with condition ratings from 1 to 4. To test variations in the budget for Indiana’s 
bridge network, three different budgets were used: a $150 million budget, a $200 million 
budget, and a $250 million budget. 
To evaluate each bridge management strategy, a distribution analysis, a threshold analysis, and 
a utility analysis were all performed. Distribution analysis looks at how many bridges are 
between two component condition ratings, threshold analysis looks at how many bridges have 
ratings greater than or equal to a given component condition rating, and utility analysis looks at 





this study found that, for any of the three budget levels, the standard maintenance strategy 










CHAPTER 1. INTRODUCTION 
 
 
1.1. Components of a Bridge Management System 
 
This project explores the relationships between three important parts of bridge 
management systems: bridge maintenance budgets, bridge component condition ratings, and 
trigger values. Bridge maintenance budgets provide funds that are used by an agency to 
maintain the condition of the bridge inventory. A bridge component condition rating is an 
integer value from 0 to 9 that indicates the amount of deterioration that part of the bridge has 
experienced. (Federal Highway Administration, 2012) A trigger value indicates the condition 
rating at which to perform maintenance activities on a bridge. When the trigger value is 
reached, this indicates that the maintenance activity should be performed before the condition 
rating decreases further. Figure 1.1 shows how the three parts of the bridge management 
system interact with each other. 
 
Figure 1.1: Relationships between bridge maintenance budget, trigger values, and statewide 
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For bridges, this project will use the National Bridge Inventory (NBI) condition ratings to 
measure the asset condition. The NBI condition ratings are a measure of the performance of the 
bridge. These ratings are done for different components of the bridge, and are called 
component ratings. The components that are rated are the bridge deck, the superstructure, and 
the substructure. These ratings are an integer value between 0 and 9. A bridge with a rating of 0 
is considered to be a failed bridge, which is out of service or unable to be repaired.  A bridge 
with a rating of 9 is considered to be in excellent condition. If any one of the component 
condition ratings is 0, 1, 2, 3, or 4, then the bridge is considered to be structurally deficient. 
(Federal Highway Administration, 2012) 
 
The Indiana Bridge Management System (IBMS) was developed by Purdue University. 
IBMS combines budget information, asset condition information, project information, and life 
cycle cost analysis. From this information, the system recommends a program of bridge projects 
(Sinha, et. al, 2009). Because the IBMS code is no longer available in a form suitable for research 
purposes, this project developed a simplified version of IBMS, which is called the Bridge 
Management Research System (BMRS). BMRS produces results that can be used to explore the 
relationships shown in Figure 1.1. BMRS takes budget information and maintenance project 
information, and uses that information to evaluate specified trigger values for specific 
maintenance activities.   
This report will continue to refer to several different terms that are important for 
understanding the relationships between different parts of bridge management systems. To 
help avoid confusion, the “List of Terminology” section at the beginning of this report includes a 
glossary of some of the important terminology used in this report.  
 
1.2. Data Elements 
 
One of the most important elements in the bridge management system is the budget 
information. In a given year, there will be more possible projects than the budget can fund. This 
means that the system must be able to select certain projects from all the possible projects. 
With a limited budget, making the best use of that budget can help to keep statewide assets in 






As the level of investment changes, it is expected that the overall condition of bridges in 
Indiana will change. This change in overall statewide bridge condition is measured by finding the 
percentage of bridges that are above a certain user-specified NBI condition value. It is expected 
that, as the level of investment increases, the overall asset condition will improve. Similarly, it is 
expected that, as the level of investment decreases, the overall statewide asset condition will 
worsen. 
 
1.3. Research Process and Expected Results 
 
Figures 1.2 and 1.3 show the process for assessing the system impact of changing 
budget levels and trigger values. Because there are many different ways to perform bridge 
maintenance, each different method is defined as a different bridge management strategy. This 
project evaluates three different bridge management strategies: standard maintenance, early 
maintenance, and late maintenance. The details of these bridge management strategies are 
available in Section 3 of Chapter 3.  Because the trigger values may be different for different 
treatment types, the processes shown in Figures 1.2 and 1.3 are repeated for each run. The 
process in Figure 1.2 evaluates the effectiveness of different budget levels. After the budget 
levels and trigger values have been defined for each bridge management strategy, the process in 
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Figure 1.3: Process of Evaluating Different Bridge Management Strategies 
The process shown in Figure 1.3 represents the research process in this project. More 
details on specific parts of this process are discussed in later sections of this report. Condition 
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in Section 2 of Chapter 4. The utility function used in this project is explained in Section 3 of 
Chapter 5. 
Each component condition rating is a discrete value, so the trigger values will be 
discrete variables. Each trigger value has an upper and a lower bound. During the BMRS 
modeling process, component condition ratings can become non-integer values because of the 
deterioration modeling BMRS uses, which is discussed in more detail in Section 3 of Chapter 3. 
However, the upper and lower bounds for a trigger value will always remain discrete variables, 
and a bridge with a component that has a condition rating that lies between the upper and 
lower bound of a trigger value can still have that treatment applied, even if the component 
condition rating is a non-integer value.   
There are some component condition ratings that do not make sense to consider as 
potential trigger value upper or lower bounds for this project. The trigger value cannot be 9, 
because that is the highest rating a bridge can achieve, and bridges in the best possible 
condition do not need to be treated. The trigger value cannot be 0, because at that point the 
bridge has failed, and must be reconstructed, instead of having a maintenance activity 
performed. 
Because the model developed in this project will be using data from bridge maintenance 
and replacement projects, this information must be accurately represented in the model. This 
information will be different for different maintenance activities. Each maintenance activity will 
change at least one of the component condition ratings. Depending on the maintenance activity 
that is performed, different component condition ratings will improve. Even if one component 
condition rating is improved by a treatment; other component condition ratings may not be 
affected. For example, replacing the deck of a bridge will only improve the deck condition rating. 
This change in condition rating that a component experiences will be included in the BMRS 
analysis. If, for example, a maintenance treatment incurs an improvement in the condition 
rating from 3 to 7, that component experiences a “performance jump” of 4 units. By performing 
a treatment such as replacing the bridge deck, BMRS applies the new condition rating from the 






1.4. Report Structure 
 
This report is organized as follows. Previous research on bridge management systems, 
condition modeling, and life cycle cost analysis is contained in Chapter 2. The data used will also 
be discussed in Chapter 2. The mechanics and development of BMRS will be detailed in Chapter 
3. The results of the BMRS model will be in Chapter 4. Recommendations will be in Chapter 5. A 
discussion of the attempted troubleshooting of IBMS is in Appendix A. A BMRS user’s manual is 


































CHAPTER 2. LITERATURE REVIEW AND DATA SYSTEMS 
 
 
2.1. Bridge Management Systems 
 
The FHWA defines a bridge management system as follows: “A systematic process that 
provides, analyzes, and summarizes bridge information for use in selecting and implementing 
cost-effective bridge construction, rehabilitation, and maintenance programs.” (FHWA, 2012) A 
bridge management system often includes software, but is not limited to only software. The 
State of Indiana used to use a bridge management software package called the Indiana Bridge 
Management System (IBMS). That bridge management software package has since been 
replaced by a software package called dTIMS. 
With limited funding, decisions must be made to best use available funds on 
maintaining Indiana’s bridge network. Because dTIMS was unavailable for use on this project, 
IBMS was considered for use on this project, and BMRS results were chosen to be used in place 
of IBMS results, it is important to understand how both IBMS and BMRS works. The details of 
how BMRS works are discussed in Chapter 3. IBMS uses a system of modules to make 
investment decisions that allocate funds to different bridge maintenance projects. There are 
four different modules in IBMS: the Decision Tree Module (DTREE), the Life-cycle Economic 
Analysis Module (LCCOST), the Project Ranking Module (RANK), and the Optimization Module 
(OPT). Figure 2.1 explains how the different modules interact.   In order for each module to 
work, the previous module must be completed first. If there is an error in one module, IBMS 











Figure 2.1: IBMS Modules and their Primary Functions (Sinha et. al., 2009) 
AASHTOWare Bridge Management software is another example of a bridge 
management system. This software was formerly known as PONTIS. This software allows users 
to keep a record of bridge maintenance and replacement treatments. This software allows users 






much more detailed than traditional NBI data. Instead of only using condition ratings for the 
deck, superstructure, and substructure, element level inspection data gives much more specific 
information on the condition of different parts of a bridge. This gives users much more detailed 
information to make maintenance decisions (American Association of State Highway and 
Transportation Officials, 2013). 
Orcesi and Frangopol (2010) proposed a probabilistic approach to determining optimal 
maintenance strategies for bridges. This approach relies on measuring the strain on the girders 
of a bridge with sensors, and then performing a statistical analysis on the data collected. The 
statistical analysis determines the probability of a girder failing, which means that it goes below 
a predefined failure threshold. This probability is put into a formula to calculate an expected 
failure cost for each component, which is then used to calculate a system failure cost. The 
system failure cost is used to determine the best time to perform a maintenance action. It is also 
assumed that because statistical analysis is used to help determine the best time to perform a 
maintenance action, that there will be some error in the decision of the best time to perform a 
maintenance action. The system management costs and the available budget are also needed 
for this approach. An optimization is performed to minimize the failure cost, error in decision 
making, and system management costs. Given the available funds, this optimization creates a 
maintenance strategy that meets the predefined performance thresholds.   
 
2.2. Condition Modeling 
 
Because bridges are important parts of a transportation network, it is important to 
know when maintenance should be performed on a bridge. However, bridge condition ratings 
reflect only the current state of the bridge; they do not give any information on what the bridge 
will be like in the future. Bridge condition modeling allows for prediction of the condition of the 
bridge in future years. Bridge condition modeling takes current condition information and data 
about bridge characteristics, and predicts how the bridge condition rating will change in future 
years if no maintenance is performed.  
Markov chains are one method for modeling how a bridge deck will deteriorate from 





such a model, based on data from New York bridges. The model is a probabilistic model, based 
on what condition state the bridge is currently in. These probabilities were determined for both 
steel bridges and concrete bridges. For each condition state, the model assumes an initial 
statistical distribution. Based on this assumed distribution, the model performs statistical 
analysis that results in a matrix of probabilities that a bridge will deteriorate from one condition 
state to the next. To use the model, bridge condition data for a given year are used. For each 
bridge in a certain condtion state, that bridge will either stay in the same condition state in the 
next year, or it will deteriorate to the next state. After it is determined which bridges will 
deteriorate to the next condition state and which will stay at the same condition state, the 
resulting condtion states become the condition states for the next year. This is repeated year 
after year, until a bridge deteriorates to the lowest possible condition state. This model does not 
take maintenance into account. The model says that bridges will only deteriorate; if 
maintenance is performed, that change in condition state must be input by a user.  
A genetic algorithm is also a possible method to model the deterioration of a bridge 
deck. Liu, Hammad, and Itoh (1997) proposed one such algorithm. A genetic algorithm is able to 
process a large number of possible solutions, and can easily have multiple decision variables. 
This algorithm generates possible solutions and then picks one based on pre-defined selection 
criteria.The solutions are for the entire network of bridges. The solution is Pareto optimal, and 
illustrates the tradeoff between rehabilitation cost and the amount of deterioration. This allows 
the user of the algorithm to see how much deterioration can be expected at a given budget 
level.  
Another way to model the deterioration of bridge decks is an artificial neural network 
model. Huang (2010) developed this type of model. This model was developed using data from 
bridges in Wisconsin. To find the statistically significant inputs for the artificial neural network 
model, the data used were condition ratings from bridge inspectors, records of maintenance 
work performed on the bridges, and inventory data from the bridge management software 
program PONTIS. For all inputs, statistical testing was performed to find the p-values of possible 
inputs at a 95% confidence level. For bridges that had deck maintenance performed on them, 
the data were analyzed to find the how the maintenance history affected the deterioration of 
the deck. For bridges with no maintenance performed on them, the distribution of deck 





eleven parameters that influence deck deterioration. The inputs that were found to be 
significant were maintenance history, age of the bridge, previous condition, the district the 
bridge was located in, the design load, length of the bridge, bridge deck area, ADT, the 
environmental condition the bridge was exposed to, the number of spans, and the degree of 
skew. Once the significant input parameters are found, the artificial neural network model is 
created and can be used to find bridge deck deterioration. 
Lee et. al. (2012) proposed an artificial intelligence model for bridge deterioration. This 
model first uses a backwards prediction model to fill in gaps in historical data. If condition 
ratings are unavailable, the backwards prediction model will produce an estimated rating for the 
unavailable components or years of data. The model then uses time delay neural network 
modeling to predict future component condition ratings. The time delay neural network 
modeling is similar to the artificial neural network model proposed by Huang in 2010.  
Although there are many different types of deterioration modeling that have been 
developed, this project uses deterioration equations taken from IBMS. These equations are 
included in the report for SPR-3013: Updating and Enhancing the Indiana Bridge Management 
System.  (Sinha, et. al, 2009) More details about how these deterioration equations are used in 
BMRS are in Section 3 of Chapter 3. 
 
2.3. Life Cycle Cost Analysis 
 
When comparing maintenance alternatives, cost is often one of the most important 
factors in selecting an alternative. Some alternatives may cost less initially, but may also have to 
be performed more frequently to maintain the condition of the bridge. This makes it important 
to compare costs for maintenance alternatives over the whole life of the bridge, in order to find 
alternatives that will cost the least over the life of the bridge.  
Yang and Hsu (2009) developed a framework to analyze the life cycle costs of a bridge. 
The life cycle cost incorporates the time value of money to compare different maintenance 
operation alternatives. Due to inflation, all the costs of maintenance alternatives must be 





modeling, so to deal with the uncertainty in the modeling of life cycle costs, a Monte Carlo 
simulation was used to model the life cycle cost from bridge construction to the first 
maintenance operation. The Monte Carlo simulation also models the time interval to 
subsequent maintenance operations. From this information, Yang and Hsu developed a ε-
constrained particle swarm optimization algorithm. This algorithm models a trade-off between 
life- cycle costs and performance indicators, such as condition ratings.  
It is possible that, instead of performing periodic maintenance on a bridge, the bridge 
can simply be replaced with a new bridge at any point in the life of the bridge. It is also useful to 
compare the cost of maintenance activities to the cost of bridge replacement in order to find 
the cost if maintenance is not performed before the bridge fails. Rodriguez, Labi, and Li (2006) 
developed a set of models for these bridge replacement costs. There are different models for 
steel bridges, concrete slab bridges, concrete box beam bridges, concrete I-beam bridges, and 
concrete T-beam bridges. For each of these categories, models were divided into the following 
types of bridge replacement costs: superstructure replacement, substructure replacement, 
approach cost, and other costs. Superstructure costs include items such as concrete material 
costs, steel material costs, and costs of other items needed to construct the bridge deck. 
Substructure costs are items such as construction of piles and construction of footings. 
Approach costs include guardrails, fences, pavements, and site preparation. Other costs include 
clearing right-of-way, excavation, traffic control during construction, and the cost to remove the 
existing structure.  The model types used were linear, Cobb-Douglas production function, 
transformed Cobb-Douglas, or constrained Cobb-Douglas. The Cobb-Douglas function is a 
homogenous input-output function. The inputs used are different physical characteristics of the 
bridge, and the output is the replacement cost. The replacement cost can then be compared to 
the cost of other maintenance strategies on a bridge to determine the point in the life of the 
bridge when replacement is financially beneficial.  
Hawk (2003) proposed a stochastic approach to life cycle cost analysis. This approach 
helps to determine the service life. This approach requires data on maintenance costs, current 
bridge condition, the time value of deferring maintenance, and several other data items. The 
time value of deferring maintenance is a way of measuring the costs of waiting to perform 
maintenance on a bridge. If a treatment is not performed at a certain point in the life cycle of a 





cycle of the bridge. This approach allows for several different models to be used. Once a model 
is picked by a user, the reliability of the results of that model must be analyzed.  Because of 
uncertainty in some of the parameters used in this stochastic approach to life cycle cost analysis, 
uncertainty modeling must be used. Uncertainty modeling helps users of this approach to know 
how reliable the results produced by their model are. 
 
2.4. Project Data 
 
To investigate the relationships between trigger values, budget, and performance 
measures, raw data must be processed in some way. This project uses raw data as input for 
BMRS and as performance measures. The raw data used as input are put into BMRS so that 
BMRS can select bridge maintenance and replacement projects to perform in a given year. The 
raw data used as performance measures explain how efficiently bridges are performing.  
The original intention of this project was to use IBMS for modeling, however some 
complications arose. (See Appendix A.) BMRS was created as a simplified substitute for IBMS to 
allow the researchers to simulate IBMS results. Because IBMS is the basis for BMRS, Section 5 
will show the required data items for IBMS.  Details on how BMRS works are covered in Chapter 
3.  
 
2.5. IBMS Data Requirements 
 
Before evaluating a bridge management strategy, IBMS needs several data items as 
input. The input data items that are used by IBMS can be divided into several categories. Table 
2.1 shows a list of the input items IBMS uses from each category:  inventory data, traffic data, 
bridge physical data, bridge condition data, and maintenance data. Inventory data items are 
data that indicate the location of a bridge or are administrative data used by INDOT. Traffic data 
items are data about the traffic that crosses a bridge. Bridge physical data items are data about 
how a bridge is constructed. Bridge condition data items are the NBI condition ratings for 
different parts of a bridge. Maintenance data items are data that are related to previous 





Table 2.1: Data items in input data categories (Sinha, et. al, 2009) 
Category Data Items 
Inventory data Highway route number, county code, bridge 
number, bridge designation (type of bridge), 
district code, functional class code, highway 
system of inventory route, parallel structure 
designation, road reference point, latitude, 
longitude 
Traffic data Average daily traffic (ADT), number of lanes 
of traffic, detour length, direction of traffic, 
functional class code for highway under the 
bridge 
Bridge physical data Total width of bridge deck, clearance width 
of bridge deck, bridge length, bridge vertical 
clearance, superstructure material type, 
superstructure design type, type of loading, 
deck geometry code, vertical clearance over 
bridge roadway, reference feature for 
vertical clearance under bridge, horizontal 
clearance under bridge to the right, 
reference feature for horizontal clearance, 
substructure height, culvert rise, culvert 
width, culvert barrel length, total deck 
patching area, patching area as a percentage 
of total deck area, joint length, type of joint 
Bridge condition data Deck condition rating, superstructure 
condition rating, substructure condition 
rating, wearing surface condition rating, 
culvert condition rating, joint condition, 
structural evaluation code 
Maintenance data Proposed work code, year of original 
construction, date of last inspection, length 
of bridge improvement (for the approach) 
 
To measure the performance of bridges, the data items used are NBI condition ratings. 









Table 2.2: Description of NBI Condition Ratings for Bridge Components (Federal Highway 
Administration, 2012) 
NBI condition rating FHWA Description of condition rating 
1-Imminent failure condition Major deterioration or section loss present 
in critical structural components or obvious 
vertical or horizontal movement affecting 
structure stability.  Bridge is closed to traffic 
but corrective action may put it back in light 
service. 
2- Critical condition Advanced deterioration of primary structural 
elements.  Fatigue cracks in steel or shear 
cracks in concrete may be present or scour 
may have removed substructure support.  
Unless closely monitored it may be 
necessary to close the bridge until corrective 
action is taken. 
3- Serious Condition Loss of section, deterioration of primary 
structural elements.  Fatigue cracks in steel 
or shear cracks in concrete may be present. 
4- Poor Condition Advanced section loss, deterioration, spalling 
or scour. 
5- Fair Condition All primary structural elements are sound 
but may have minor section loss, cracking, 
spalling or scour. 
6- Satisfactory Condition Structural elements show some minor 
deterioration. 
7- Good Condition Some minor problems 
8- Very Good Condition No problems noted 
9-Excellent Condition Bridge is in best possible condition 
 
  
2.6. BMRS Data Requirements 
 
BMRS requires fewer data items as input. The data items for BMRS are:  
(1) Structure Number. This item is used to identify each bridge in the network. It is field 
008 in the NBI data dictionary. 
(2) Deck condition rating. This item is field 058 in the NBI data dictionary. An explanation of 
the meaning of each condition rating is given in Table 2.2. 
(3) Substructure condition rating. This item is field 060 in the NBI data dictionary. An 





(4) Superstructure condition rating. This item is field 059 in the NBI data dictionary. An 
explanation of the meaning of each condition rating is given in Table 2.2. 
(5) Year of last maintenance performed on bridge deck. This item is derived from field 106C 
in the NBI data dictionary. NBI data does not differentiate between components when 
it lists when maintenance was last performed; NBI data only includes the year any 
maintenance was performed.  
(6) Year of last maintenance performed on bridge substructure. This item is derived from 
field 106C in the NBI data dictionary. 
(7) Year of last maintenance performed on bridge superstructure. This item is derived from 
field 106C in the NBI data dictionary.  
These data items are all taken from the NBI data collected by INDOT. (Federal Highway 
Administration, 2012) For this project, these data items are taken from the BridgeInspectech 
database maintained by INDOT. 
 
2.7. Selecting Trigger Values 
 
To decide when to perform different treatments on bridges, trigger values need to be 
selected to determine the ideal time to perform the appropriate maintenance operations. These 
trigger values may vary by bridge component and treatment type. Because maintenance 
operations affect only certain areas of the bridge, the trigger value for a treatment will be a 
condition rating for the component that is treated. With these basic considerations in place, the 
process of selecting ideal trigger values can begin. 
The first step in selecting trigger values is to establish the set of possible trigger values. 
Only certain values of the NBI component condition ratings can be put into the set of possible 
trigger values. For each component, the set of possible trigger values that will be used for this 
project includes 2, 3, 4, 5, 6, and 7. This means that 1, 8, and 9 are the NBI condition ratings that 
are not included in the set of possible trigger values. A condition rating of 1 indicates that the 
bridge is about to fail, and it is not in service. Because the bridge is out of service, this will affect 
the network, and maintenance or replacement will have to be performed on the bridge before it 





These costs come from maintenance costs and the costs to users who cannot use the bridge. A 
condition rating of 8 indicates that the bridge has no problems that are noted. This means that 
maintenance will not be cost effective, because it cannot improve the bridge condition very 
much. Similarly, performing maintenance on a bridge with a condition rating of 9 will not 
improve the condition of the bridge, so it will not be cost effective.     
The next step is to establish a performance threshold to measure the effectiveness of 
different trigger values. The performance threshold is a chosen component condition rating for 
a bridge component.  The performance threshold will be the same for each trigger value, so that 
they can be compared. The percentage of bridges that are above the threshold will be found for 
each trigger value. The higher the number of bridges above the threshold, the more effective a 
trigger value is. For this project, a few different component condition ratings will be chosen as 
thresholds. The threshold value and the trigger value are not dependent on each other. The 
threshold value is only used for the purpose of comparing different trigger values. A threshold 
value may be the same as one of the trigger values in the set of trigger values, but the threshold 
value does not have to be the same as the selected trigger value. The trigger value can be 
greater than, less than, or equal to the threshold value.  
The results for each trigger value can be compared. At a given budget level, the trigger 
value with the highest percentage of bridges above the threshold will be considered the best 
trigger value. Because the trigger values are for individual treatments, different trigger values 
can be chosen for different treatments to form an overall maintenance strategy that is cost 
effective. 
For example, if a threshold value of 5 is chosen; trigger values of 3, 4, and 5 can be 
compared. For all of these trigger values, the percentage of bridges above the threshold value of 
5 is determined. If it is found that a trigger value of 3 will put 40% of bridges above  
the threshold rating of 5, a trigger value of 4 will put 45% of bridges above the threshold rating 
of 5, and a trigger value of 5 will put 40% of bridges above the threshold rating of 5; then a 
trigger value of 4 would be the most effective for a threshold of 5. This process can be repeated 
as desired for different combinations of trigger values, budget values, and threshold values. 
The process of the analysis for the combinations of trigger values and threshold values 





threshold values. For example, threshold values of 4 and 6 can be compared. If 4 is used as a 
threshold value, then the percentage of bridges above the threshold will indicate the number of 
bridges that are above a condition rating of “poor.”  If 6 is used as a threshold, then the 
percentage of bridges above the threshold will indicate the number of bridges that are above a 
condition rating of “fair.” These thresholds represent two different standards of acceptable 
performance.   
Once a threshold is chosen, BMRS is used to determine which projects the available 
budget should be spent on. From this bridge management strategy at each budget level, the 
change in condition ratings for the bridge network is determined, again using BMRS. The 
changes in condition ratings come from the maintenance performed on selected bridges and 
from natural deterioration. After the changes in component condition ratings have been 
determined for all the bridges in the network, the percentage of bridges above and below the 
chosen component threshold is found. For each bridge management strategy, the percentage of 
bridges above the chosen threshold is graphed over the whole analysis period. Figure 2.2 shows 
an example of the format of one of these graphs. 
 







































































When using the results produced by BMRS, users can only look at the budget levels that 
are put into BMRS for this project. Because of this limitation, it is important to develop a 
method where a user can take a budget or trigger value that is not one of the values used in the 
analysis and estimate the percentage of bridges that will lie above the threshold value. Appendix 
B includes a “user’s manual” so that future researchers can use BMRS to explore new budgets 

























CHAPTER 3. RESEARCH PROCESS AND DEVELOPMENT OF BMRS 
 
 
3.1. Introduction to BMRS 
 
The IBMS software that was developed at Purdue was used for many research projects 
after it was developed. This software was also used for bridge asset management decisions by 
the Indiana Department of Transportation. The Indiana Department of Transportation now uses 
the dTIMS system, which is based on similar modeling concepts. Although this system is 
available to decision makers at INDOT, it is not available for use by researchers. In projects 
where bridge management concepts are being researched, IBMS results can be used to 
approximate dTIMS results (specifically the “dTREE” module of IBMS). However, as experience 
on this project has shown, a researcher may not be able to get IBMS to run correctly on a 
computer (see Appendix A). Spending time troubleshooting IBMS proved to be a very inefficient 
use of research time. In order to avoid further delays with the IBMS software, a new software 
package, Bridge Management Research System (BMRS), was developed. BMRS implements the 
key elements of IBMS logic, but in a simplified way. This chapter documents the use of BMRS, 
should other researchers choose to use it. 
There are a few key differences between BMRS and IBMS that a researcher must keep in 
mind when using BMRS to approximate IBMS results. IBMS allows for 55 different treatment 
types to be performed. These treatments all have unique treatment codes. Of these 55 
treatment types, 31 affect more than one of the three major bridge components used by BMRS: 
bridge deck, substructure, and superstructure. IBMS also allows for widening of a bridge or 
raising/lowering a bridge (Sinha, et. al, 2009). By contrast, the only BMRS treatment that affects 
more than one bridge component is the replacement treatment. BMRS also does not allow for 
widening of a bridge or raising/lowering a bridge. Because of this, BMRS is not able to produce 
the same level of detailed results that IBMS does. However, BMRS can still be used to explore 





For this project, BMRS is not used to develop highly specific maintenance strategies. 
Instead, BMRS is used to model relationships between strategies. BMRS will explore the 
differences in the effectiveness of these strategies. Figure 3.1 shows a flowchart of how BMRS 
works. A similar (and much more complex) diagram for the “dTREE” module of IBMS is available 
in the addendum to Chapter 3 of SPR-3013: Updating and Enhancing the Indiana Bridge 






































































3.2. BMRS Input 
 
BMRS uses a data input file that is constructed by the user. The data input file is in the 
form of a Microsoft Excel spreadsheet, as shown in Figures 3.2 and 3.3. For BMRS to work 
properly, the columns must be labeled and formatted as shown in these figures.   
 
Figure 3.2: BMRS Input Excel File, Columns A through D 
 
Figure 3.3: BMRS Input Excel File, Columns E through G 
The first data item in the input file is the bridge number. This is required so that the user 
can define the set of bridges that BMRS will perform analysis on. The second data item in the 
input file is the different component condition ratings. BMRS requires a deck condition rating, 
superstructure condition rating, and substructure condition rating. These condition ratings 
represent the condition of the bridge at the start of the analysis period, before BMRS performs 
the modeling that will update these ratings. The third data input item that is required is the 
most recent repair year for each component. This item represents the last time that 
maintenance was performed on each component of the bridge. It is important that the last 
repair year is component specific. This is especially important in cases where maintenance was 
performed in different years on different elements of the same bridge. For example, if 
maintenance on the bridge deck was performed in the year 2000, and maintenance on the 
superstructure was performed in the year 2005, the last repair year for the bridge deck (column 
E in Figure 3.3) will be 2000 and the last repair year for the superstructure (column F in Figure 






In addition to the data input file, BMRS will also ask the user to input different values 
using text boxes, drop down lists, and radio buttons. The analysis period, budget scenario, and 
treatment data are all examples of user input by text boxes, drop down lists, and radio buttons. 
During the analysis period, each bridge component will deteriorate, be considered as a 
candidate for treatment, and then have any selected treatment actions performed.  Figure 3.4 
shows the analysis period input screen. 
 
Figure 3.4:  Analysis Period Input Screen 
The next user input item that is required is a budget. Figure 3.5 shows the budget input 
screen.  In this figure, there are two different budget values that are input. The different budget 





(1) Maintenance budget: The first budget item, “enter budget for year x” is the budget that 
will be used for maintenance treatments. 
(2) Replacement budget: The second budget item, “Enter replacement budget for year x” is 
the budget that will be used for replacement treatments. 
These two budget values are separate from each other. The “enter budget for year x” item is 
only for the maintenance budget, and the “enter replacement budget for year x” is only for the 
replacement budget. This means that in Figure 3.5, the total budget is 110,374,880 (this is found 
by adding 100,221,550 + 10,153,330). BMRS is used to replicate IBMS treatment types. The 
overall budget is split into replacement and maintenance budgets, and each part of the budget 
is applied to different BMRS treatments.  Table 3.1 shows the treatments used and which 
budget item applies to which treatment.  
Table 3.1: BMRS budget items and treatments (Sinha, et. al, 2009) 
Treatment Treatment code  Budget item 
Bridge Replacement 14 Replacement Budget 
Deck Rehabilitation 01 Maintenance Budget 
Deck Replacement 3 Maintenance Budget 
Substructure Rehabilitation 16 Maintenance Budget 
Superstructure Strengthening 12 Maintenance Budget 
Superstructure Replacement 10 Maintenance Budget 
 
When a researcher would like to use a constant budget over the full analysis period, 
once both of the budget values are input for the first year, the “copy values” button at the 
bottom of the screen will copy the budget from the first year into all other years in the analysis 
period. BMRS does not account for inflation in the budget or increases in construction costs over 






Figure 3.5: BMRS Budget Input screen 
The next user input item is the replacement treatment input screen in Figure 3.6. A 
replacement treatment will give a “performance jump” to the deck, substructure, and 
superstructure of a bridge, instead of just one of those components. The cost for a replacement 
treatment is input into the “enter replacement cost” text box. For this project, a replacement 
cost of $3,517,000 was used. The “enter resultant state for replacement drop down box” 
represents the condition rating that each bridge component will get to when the replacement 






Figure 3.6: BMRS replacement treatment screen 
The final user input item that BMRS requires is treatment data.  Figure 3.7 shows the input 
screen for one bridge treatment type. Treatments are input one at a time. The components of a 
treatment input are given in the following list:  
(1) The “treatment name” text box requires a user input of text or symbol characters.  
(2) The bridge component that the treatment applies to. There are 3 radio buttons that the 
user can select from, one for each bridge component in the data input file.  





(4) The “Enter Lower Bound,” “Enter Upper Bound,” and “Enter Resultant State” drop down 
boxes represent the boundary conditions for the treatment. The lower bound is the 
minimum condition rating at which that specific treatment is considered feasible. If the 
bridge component condition is lower than the minimum condition rating, then that 
treatment will not be used on the bridge. The upper bound is the maximum condition 
rating at which that treatment will be applied. If the bridge component condition is 
higher than the maximum condition rating, then that treatment will not be used on the 
bridge. The resultant state is the condition rating which the bridge component will be in 
if the treatment is applied to the component. This represents the “performance jump” 
that the bridge component experiences from the treatment.  
After the first treatment is entered, the user may want to put in more treatments for 
consideration. To add another treatment, the user simply has to use the “Add More” button at 
the bottom of the screen. Once all the desired treatments have been added, the “Finish” button 











Once the user has finished entering the input items into BMRS, the software begins the 
process of sorting bridge elements by their initial condition ratings to determine which bridge 





condition rating to maximum (best) condition rating. The bridge components with the worst 
condition ratings will be treated first. 
Table 3.2: BMRS Sorting Example 




23305 5 4 
33174 3 5 
33175 7 2 
26850 6 6 
 
Table 3.2 gives an example in which BMRS sorts 4 bridges with the bridge deck ratings 
shown. BMRS will sort these deck ratings as follows: 3, 5, 6, and 7. Therefore, for these 4 
bridges; BMRS will sort them in the following order for treatment: 33174, 23305, 26850, and 
33175. (This means that BMRS will recommend that deck of bridge 33174 will be treated before 
any of the other 3 bridges.)  If the same bridges mentioned in Table 3.2 have the given 
substructure condition ratings, BMRS will sort the substructure ratings as follows: 2, 4, 5, and 6. 
Therefore, for the substructures of these bridges; BMRS will sort them in the following order for 
treatment: 33175, 23305, 33174, and 26850. Even though bridge 33174 was the first candidate 
for treatment for the bridge deck, bridge 33175 is the first candidate for substructure 
treatment. Because BMRS compares bridge maintenance treatments by component instead of 
by bridge; BMRS must compare projects between components. To do this, BMRS will choose the 
lowest overall component rating. Continuing with the same example, BMRS will sort the bridge 
components in the following order: 2, 3, 4, 5, 5, 6, 6, and 7. For these four bridges, BMRS will 
sort them in the following order for treatment: 33175 substructure; 33174 deck; 23305 
substructure; 23305 deck and 33174 substructure;  26850 deck and 26850 substructure; and 
33175 deck. It is important to note that when condition rating is equal, BMRS will select the first 
project entered into BMRS (of the projects with equal ratings). For example, because 23305 
deck and 33174 substructure have equal ratings, BMRS will rank 23305 deck ahead of 33174 
substructure; even though the two components have equal condition ratings. 23305 deck is 





BMRS uses a merge sorting algorithm. (Grama, 2013) A merge sorting algorithm is a 
multi-stage sorting algorithm. A merge sorting algorithm first takes a set of data and divides it 
into smaller subsets of data. The merge sort then takes each subset and sorts that subset in the 
desired order. Once all the subsets of data have been sorted, the subsets are merged into larger 
subsets. These subsets are again sorted. This process of sorting subsets, merging smaller subsets 
into larger subsets and sorting those larger subsets is repeated until the original set of data has 
been sorted.  
BMRS uses a merge sorting process to sort every bridge component from the worst 
condition rating to the best condition rating. BMRS starts with a condition rating for every 
bridge component. This set of ratings is then broken into subsets with only some of the 
condition ratings. These subsets are sorted and merged into larger subsets. BMRS repeats this 
sorting and merging process until every bridge component has been sorted from worst to best 
condition rating. 
Once BMRS has sorted all the bridge components by condition rating, treatments will be 
selected for the first year of the analysis period. The bridge components with the lowest (worst) 
condition ratings will be the first to get treatments applied to them. To select which treatment 
will be applied, BMRS will find all the treatments where the component’s condition rating falls 
between the treatment’s upper and lower bound (see Figures 3.8 and 3.9). A treatment cannot 
be applied to a bridge component outside of the boundary condition ratings for that treatment. 
For example, if a bridge deck has a condition rating of 2, and a deck treatment has a lower 
bound of 1 and an upper bound of 4, this treatment will be considered for use on the bridge 
deck. However if a deck treatment has a lower bound of 3 and an upper bound of 5, it will not 
be considered for use on a bridge deck with a condition rating of 2; because the condition rating 
for this treatment is outside of the boundary condition ratings. Figures 3.8 and 3.9 show an 












Figure 3.9: Deck Rehabilitation (Example Treatment 2) 
For each treatment, all bridge components that have a condition rating outside of the 
treatment’s boundary condition ratings will not get that treatment assigned as a possible 
treatment to be performed. Once all possible treatments have been determined for a bridge 
component, only one treatment will be selected.  It is possible that a bridge component can 
have a condition rating that will fall between the upper and lower bound of more than one 
treatment type. In this case the treatment with the higher lower bound will be chosen. BMRS 
makes the assumption that treatments with larger lower bounds are not as intensive in terms of 





assumes that a deck resurfacing treatment is not as costly as a treatment like a deck 
replacement. If a bridge would have a condition rating that could trigger either of these 
treatments, BMRS would choose the deck resurfacing treatment to apply to the bridge deck.  
Once a treatment is applied to the first bridge component on the sorted list, BMRS 
deducts the treatment cost from the budget. BMRS then repeats the process of finding a 
treatment to apply to the next bridge component on the sorted list. Treatments are applied until 
the given budget runs out for the first year.   
Bridge components that are treated in a given year get a “performance jump” in that 
year based on the treatment applied (see Figure 3.10). This performance jump varies by 
treatment, and can be set by the BMRS user. Figure 3.10 shows an example of a treatment with 
a performance jump that could be created by a BMRS user. For this example treatment, a 
performance jump occurs at year 20 in a 25-year analysis period. The bridge has an initial 
component condition rating of 4 in year 0, the start of the analysis period. The bridge 
deteriorates until year 20, when it is treated and experiences a performance jump to a rating of 
7. 
 






























Bridge components that are not treated will experience deterioration due to factors 
such as traffic loading and weather conditions. BMRS uses deterioration models that were 
developed for IBMS (Sinha, et. al, 2009). Equations (3.1) through (3.3) show the deterioration 
models used by BMRS. 
(3.1): Deck Condition Rating Deterioration =૜Ǥ ૞ૡૡ ൅ ૚૜૜Ǥ૟૝૚૛ૠǤ૜ૢૢାሺ૙Ǥ૙૙૙૚૛ૡכ࢟ࢋࢇ࢘ሻ૜Ǥ૜૛૛ 
This formula was developed for concrete bridge decks. The formula used by BMRS is the 
corrected version of the formula given in the report for project SPR-3013: Updating and 
Enhancing the Indiana Bridge Management System. In that report, the formula is incorrectly 
written as DCR=3.588- (133.641/(27.399+0.000128*year3.322)). In the report for SPR-3013, an 
accompanying graph is given representing the deterioration of a bridge from a condition rating 
of 9. Once the formula is corrected to the version given in (3.1), the results align perfectly with 
the given graph. 
  A similar formula is available for steel bridge decks. However, at this time, BMRS only 
considers concrete bridge decks in its analysis. This is because concrete bridge decks are much 
more common than steel bridge decks in Indiana. Future researchers may choose to modify the 
BMRS code to add a deterioration formula for steel bridge decks or decks made of other 
materials. 
(3.2): Superstructure Condition Rating Deterioration =૛Ǥ ૚૙૜૛ ൅ ૚ૢǤ૛૚ૠ૛Ǥૠૢૢ૟ାሺ૙Ǥ૙૙૙૜ૡ૟כ࢟ࢋࢇ࢘ሻ૛Ǥ૛૜૛૙ 
This formula was developed for concrete bridge superstructure. A similar formula is 
available for steel superstructures, however BMRS is only able to analyze concrete bridge 
superstructures at this time. Future researchers may choose to modify the BMRS code to add a 
deterioration formula for steel superstructures. 
(3.3): Substructure Condition Rating Deterioration =૛Ǥ ૟ૡ૙૝૝ ൅ ૛૝Ǥૢ૝ૡૡૡ૜Ǥૢ૝ૢ૚૟ାሺ૙Ǥ૙૙૙૜ૡכ࢟ࢋࢇ࢘ሻ૛Ǥ૛ૠ૞૝૜ 
The formula for substructure deterioration is the same for all bridge types, regardless of 
the material the substructure is made of (Sinha, et. al, 2009). 
These formulas were developed for bridges that had a starting component condition 





calculating the component rating as though the bridge component started at a rating of 9. BMRS 
first calculates the condition rating for the current year as though the bridge has been 
deteriorating from a rating of 9. BMRS then calculates the condition rating for the next year as 
though the bridge has been deteriorating from a rating of 9. BMRS calculates the difference in 
these two condition ratings. The difference in these two condition ratings is the deterioration 
experienced in a given year. However, not all bridge components analyzed by BMRS start from a 
condition rating of 9. When a bridge starts from a condition rating other than 9, BMRS still 
calculates the deterioration amount the same way. However, this deterioration amount will be 
removed from the current condition rating (instead of the condition rating that was calculated 
by BMRS assuming that the condition rating had started from a condition rating of 9 and had 
been naturally deteriorating according to the formulas given in (X.Y) through ( X.Y).) Table 3.3 
shows an example of how BMRS calculates this deterioration for a bridge deck with a condition 
rating of 6 that has not been treated for 20 years. (The new condition rating will apply to the 
substructure in year 21.) 
Table 3.3: BMRS Deterioration Example 
Years since 
treatment 




20 0.06872 6 5.93128 
 
The following steps are used to calculate the deterioration for a bridge component. 
(1) Calculate the component condition in year 20 using formula given in (X.Y) as though the 
bridge had been deteriorating from a condition rating of 9: 
3.588+(133.641/(27.399+0.000128*20^3.322))=8.029999. 
(2) Calculate the component condition in year 21 using formula given in (X.Y) as though the 
bridge had been deteriorating from a condition rating of 9: 
3.588+(133.641/(27.399+0.000128*21^3.322))=7.96128.  
(3) Calculate the difference in these two conditions is calculated using simple subtraction:  
year 20 rating- year 21 rating= 8.029999-7.96128=0.06872.  
(4)  Calculate the new component condition rating for year 21 is using the current condition 





Once BMRS has completed the process of updating the bridge component condition ratings in a 
given year, BMRS repeats the process of selecting treatments for bridge components for the 
next year. The bridge components that are treated receive a performance jump, and the 
condition of all untreated bridge components deteriorates based on the previously discussed 
formulas.   BMRS continues the process of selecting treatments for a given year and then 
updating component condition ratings until the analysis period has been completed. Table 3.4 
gives an example of how BMRS will calculate deterioration for an untreated bridge during a 3-
year analysis period. 











Starting Condition 23305 6 7 7 
Year 1 23305 5.931280459 6.945458426 6.930034876 
Year 2 23305 5.856997951 6.888612771 6.857551539 
Year 3 23305 5.777352621 6.829587009 6.78274043 
 
 
3.4. Using BMRS to Test Trigger Value Scenarios 
 
Although the original intent of this project was to use IBMS to perform the trigger value 
analysis discussed in Chapter 1, an alternative had to be found to perform the analysis when 
IBMS did not work correctly. BMRS was developed as an alternative to IBMS to allow the 
analyses needed for the research. The steps used to set up the analysis are discussed in this 
section  
 
The first part of testing trigger value scenarios was to construct an input file, as 
discussed in Section 2 of this chapter. The input file was constructed from data retrieved from 





the Indiana bridge network. The file was in a .xls format, with column headings shown in Figures 
3.2 and 3.3.  
The second part of testing trigger values was to select an analysis period. A 50-year 
analysis period was selected for all trigger value scenarios. The trigger value scenarios are given 
in Tables 3.5 through 3.7.  
Table 3.5: Trigger Values of Treatments for Standard maintenance strategy run 




Deck Rehabilitation 3 5 











Table 3.6: Trigger Values of Treatments for Early maintenance Run 
Run Treatment Name Lower Bound Upper Bound 
Early maintenance  Deck Rehabilitation 4 6 
 Deck Replacement 1 4 












Table 3.7: Trigger Values of Treatments for Late maintenance run 
Run Treatment Name Lower Bound Upper Bound 
Late maintenance Deck Rehabilitation 2 4 











The next part of testing trigger value scenarios was to input the budget. Three different 
budget scenarios were chosen for this project. All three scenarios involve a constant budget 
level. Levels of $150 million per year; $200 million per year; or $250 million per year were 
chosen for all trigger value scenarios. Bridges with a higher traffic volume experience 
deterioration more quickly than lower traffic volume bridges because of the increased loading 
produced by having more traffic. This means that, in a real system, a bridge management 
program will perform maintenance operations on these higher traffic volume bridges more 
frequently than lower traffic volume bridges. To model that higher traffic volume bridges have 
maintenance performed on them more frequently, BMRS assigns a larger percentage of the 
budget to bridges with higher traffic volumes. BMRS uses three categories of traffic volumes, 
based on the ADT level of bridges.  
In the programming for IBMS, 12 functional class codes that were used (Sinha, et. al, 
2009). Because BMRS seeks to approximate IBMS results, the funding levels were divided up for 
this project based on the functional classes used by IBMS. The three categories of traffic 








Table 3.8: Functional class Categories and Corresponding Functional classes 
Category Functional Classes Functional Class Codes 
ADT≥5000 Rural Interstate, Urban Interstate, 
Expressways, Rural Principal 
Arterials, Urban Principal Arterials, 
Rural Minor Arterials, Urban Minor 
Arterials, Rural Major Collectors, 
Rural Minor Arterials 
1, 2, 6, 7, 11, 12, 14, 16 
5000>ADT≥750 Rural Minor Collectors (Non-NHS, 
Minor), Urban Collectors 
8, 17 
750>ADT Rural Minor Collectors (Non-NHS 
Local), Rural Local, Urban Local 
8, 9, 19 
 
Table 3.9 shows the percentage of bridges in each category, while Table 3.10 shows the 
percentage of ADT that travels on the bridges in each category. 
Table 3.9: Percentage of Bridges in Each Category 
Category Number of Bridges Percentage of bridges 
ADT≥5000 3661 70.52591 
5000>ADT≥750 1218 23.46369 
750>ADT 312 6.01040 
 
Table 3.10: Percentage of ADT in Each Category 





To divide up the budget to each category, the 20.31% of the annual budget that is used 
on widening and replacement costs is first removed. The rest of the budget is divided up based 
on the percentage of bridges in each category and the percentage of ADT in each category. This 
is done using Equation 3.4. 





In this formula, the variable B is the percentage of the budget that is assigned to a 
category. The variable Percent_Bridges is the percentage of bridges in a category. The variable 
Percent_ADT is the percentage of ADT in a category. The following example shows how this 
formula is used: For the category ADT≥5000, B=0.5*70.52591+ 0.5*97.15276 = 83.8393354. This 
means that 83.84% of the remaining budget will be assigned to bridges with an ADT greater than 
5000. Table 3.11 shows the results of using formula 3.4 for each budget level. 
Table 3.11: Amount of Maintenance Budget Assigned to each ADT Category 
Budget 
Level 
ADT Category Percentage of Budget Budget Amount Assigned 
150,000,000 ADT≥5000 83.83933538                              100,221,550  
150,000,000 5000>ADT≥750 13.10842957                                15,669,818  
150,000,000 750>ADT 3.052235053                                  3,648,642  
200,000,000 ADT≥5000 83.83933538                              133,628,733  
200,000,000 5000>ADT≥750 13.10842957                                20,893,091  
200,000,000 750>ADT 3.052235053                                  4,864,856  
250,000,000 ADT≥5000 83.83933538                              167,035,916  
250,000,000 5000>ADT≥750 13.10842957                                26,116,363  
250,000,000 750>ADT 3.052235053                                  6,081,070  
 
The values given in Table 3.11 represent only the maintenance budget. The replacement 
budget values are applied separately and replacement treatments are performed before any of 











Table 3.12: Amount of Replacement Budget Assigned to each ADT Category 
Budget Level ADT Category Budget Amount Assigned 
150,000,000 ADT≥5000 10,153,330 
150,000,000 5000>ADT≥750 10,153,330 
150,000,000 750>ADT 10,153,330 
200,000,000 ADT≥5000 13,537,773 
200,000,000 5000>ADT≥750 13,537,773 
200,000,000 750>ADT 13,537,773 
250,000,000 ADT≥5000 16,922,216 
250,000,000 5000>ADT≥750 16,922,216 
250,000,000 750>ADT 16,922,216 
 
For each replacement budget level, a third of the overall replacement budget amount 
was assigned to each ADT category. This is a different method than the one used to assign a 
percentage of the maintenance budget to an ADT category.  Replacement treatments have a 
higher treatment cost than maintenance treatments. If too small a budget is given to an ADT 
category, replacement treatments cannot be performed. Because replacement treatments are 
performed on the bridges that are in the worst condition, if no replacement treatments are 
performed on an ADT category, bridges in that category may become dangerous for users. By 
assigning enough of the overall budget to each ADT category; it guarantees that the worst 
bridges in each ADT category can be replaced. By giving equal replacement budget to lower ADT 
categories, it will help to offset the fact that fewer maintenance treatments can be performed 
on the lower ADT categories because of the smaller budget. 
Several different treatment types were used in the analysis of trigger value scenarios. 
For each budget level, the trigger values will be varied in the same manner. The first set of 
trigger values for lower and upper bounds for these treatments will be the control set of trigger 
values. Subsequent sets of trigger values will be tested after the results from the standard 
maintenance strategy are established. The results from these subsequent sets of trigger values 





strategy.  Figures 3.11 through 3.15 show the treatment types that were used by BMRS in the 
analysis. The trigger values shown in these figures are for the standard maintenance strategy. 
Tables 3.5 through 3.7 show the different sets of trigger values that are used for the different 
strategies. 
The costs shown in Figures 3.11 through 3.15 were calculated from a run of dTIMS 
performed by INDOT for this project. The costs displayed in these figures are average costs for 
all sizes of bridges. In a real situation, economies of scale would make the costs different, based 
on the square footage of each bridge. However, insufficient data are available to calculate costs 
in this way. An average cost was used in an attempt to minimize the error given from ignoring 
economies of scale. However, the set of treatments used do not take widening and replacement 
costs into account. Based on the dTIMS run performed by INDOT for this project, 20.31% of the 
bridge budget was spent annually on projects that involve bridge widening or replacement. To 
account for this, 20.31% of the annual budget was removed from each trigger value scenario 






   
Figure 3.11: Deck Rehabilitation Treatment 
The treatment shown in Figure 3.11 is a bridge deck rehabilitation. The lower bound for 
this treatment is 3.The upper bound for this treatment is 5. The resultant state for this 






Figure 3.12: Deck Replacement Treatment 
The treatment shown in Figure 3.12 is a bridge deck replacement. The lower bound for 
this treatment is 1. The upper bound for this treatment is 3. The resultant state for this 






Figure 3.13: Substructure Rehabilitation Treatment 
The treatment shown in Figure 3.13 is a substructure rehabilitation. The lower bound for this 







Figure 3.14: Superstructure Strengthening Treatment 
The treatment shown in Figure 3.14 is a superstructure strengthening. The lower bound 
for this treatment is 3. The upper bound for this treatment is 5. The resultant state for this 






Figure 3.15: Superstructure Replacement Treatment 
The treatment shown in Figure 3.15 is a superstructure replacement. The lower bound 
for this treatment is 1. The upper bound for this treatment is 3. The resultant state for this 











CHAPTER 4. ANALYZING BMRS RESULTS 
 
 
4.1. Distribution Analysis 
 
It is helpful to see the distribution of component condition ratings at the initial state of 
the bridge network, before BMRS performs any analysis. This distribution will provide a 
snapshot of component conditions for the entire bridge network. High component condition 
ratings indicate a healthy bridge network. Low component condition ratings indicate an 
unhealthy bridge network in need of increased maintenance. The initial distribution of the 
component condition ratings can be compared to the distribution of component condition 
ratings after BMRS implements particular bridge management strategies with specified budgets. 
By comparing these distributions, the effectiveness of different maintenance budgets and plans 
can be analyzed. Figures 4.1, 4.5, and 4.9 show the initial distributions of component condition 
ratings for each bridge component. These distributions are presented as histograms. For all 
histograms in this chapter, the label for the condition rating bin represents the upper bound of 
the bin. For example, the bin labeled 5 contains all the bridges with a condition rating between 4 







Figure 4.1: Initial Deck Condition Rating Distribution 
The initial component condition rating for bridge decks indicates that, overall, the bridge 
decks in the bridge network are in adequate condition. The majority of bridge decks have a 
condition rating of 5 or greater.  Because 5 is considered fair condition, this means that the 
majority of bridge decks are in at least fair condition.  Only a few bridge decks have a condition 
rating of 3 or lower. A rating of 3 is considered to be poor condition, requiring that maintenance 
or replacement be performed soon. 
Figures 4.2 through 4.4 show the distributions of deck condition ratings after BMRS 
performs analysis for each budget level. These distributions are presented as histograms. For 
the histograms in this chapter, the label for the condition rating bin represents the upper bound 
of the bin. For example, the bin labeled 5 contains all the bridge components with a condition 
rating between 4 and 5. Although component condition ratings are integer values, because they 



























































Figure 4.2: Deck Condition Rating Distribution after BMRS run for $150 million budget 
With a $150 million budget, the standard maintenance strategy has the greatest 
number of bridge decks with a condition rating above 5. The majority of these decks have a 
rating between 5 and 6, as shown by the high value in the condition rating bin labeled “6.” The 
early maintenance strategy has the greatest number of bridge decks with a condition rating of 6 
or greater. This shows that the early maintenance strategy leads to a trade-off between quantity 
and quality. Although the early maintenance strategy has fewer bridge decks with a condition 
rating above 5 than the standard maintenance strategy does, it also has more bridge decks with 
ratings above 6. These bridge decks will take longer to deteriorate to the lower condition 
ratings, so they will have slightly longer before they must be replaced or have maintenance 
performed on them. The late maintenance strategy has the fewest bridge decks with a condition 
rating below 5, and the greatest number of bridge decks with a condition rating between 4 and 

























































Figure 4.3: Deck Condition Rating Distribution after BMRS run for $200 million budget 
For a $200 million budget, the standard maintenance strategy has the greatest number 
of bridge decks with a condition rating above 5. The early maintenance strategy has the greatest 
number of bridge decks with a condition rating of 6 or greater. This shows that the early 
maintenance strategy provides a trade-off between quantity and quality. Although the early 
maintenance strategy has fewer bridge decks with a condition rating above 5 than the standard 
maintenance strategy does, it also has more bridge decks with ratings above 6. The late 
maintenance strategy has the fewest bridge decks with a condition rating below 5, but the 
greatest number of bridge decks with a condition rating between 4 and 5. The $200 million 
budget also has fewer bridge decks with condition ratings of 3 or lower and more bridge decks 
with a condition rating of 5 or greater than the $150 million budget. This is expected, because 
























































Figure 4.4: Deck Condition Rating Distribution after BMRS run for $250 million budget 
With a $250 million budget, the standard maintenance strategy has the greatest 
number of bridge decks with a condition rating above 5. The early maintenance strategy has the 
greatest number of bridge decks with a condition rating of 6 or greater. This shows that the 
early maintenance strategy provides a trade-off between quantity and quality. Although the 
early maintenance strategy has fewer bridge decks with a condition rating above 5 than the 
standard maintenance strategy does, it also has more bridge decks with ratings above 6. The 
late maintenance strategy has the fewest bridge decks with a condition rating below 5, and the 
greatest number of bridge decks with a condition rating between 4 and 5. The $250 million 
budget also has fewer bridge decks with condition ratings of 3 or lower and more bridge decks 
with a condition rating of 5 or greater than the $200 million budget. This is expected, because 
























































Figure 4.5: Initial Substructure Condition Rating Distribution 
The majority of bridge substructures have a condition rating of 5 or greater. Because 5 is 
considered fair condition, this means that the majority of bridge substructures are in at least fair 
condition. Only a few bridge substructures have a condition rating of 3 or lower. Only a few 
bridge substructures have a condition rating of 3 or lower. A rating of 3 is considered to be poor 
condition, requiring that maintenance or replacement be performed soon. 
Figures 4.6 through 4.8 show the distributions of substructure condition ratings after 



































































Figure 4.6: Substructure Condition Rating Distribution after BMRS run for $150 million budget 
With a $150 million budget, the standard maintenance strategy has the greatest 
number of bridge substructures with a condition rating above 5. The majority of these 
substructures have a rating between 5 and 6, as shown by the high value in the condition rating 
bin labeled “6.” The early maintenance strategy and late maintenance strategy give very similar 
results. The late maintenance strategy has slightly more substructures with ratings between 5 
and 7 than the early maintenance strategy does. The early maintenance strategy has more 


































































Figure 4.7: Substructure Condition Rating Distribution after BMRS run for $200 million budget 
With a $200 million budget, the standard maintenance strategy has the greatest 
number of bridge substructures with a condition rating above 5. The majority of these 
substructures have a rating between 5 and 6, as shown by the high value in the condition rating 
bin labeled “6.” The early maintenance strategy and late maintenance strategy give very similar 
results. The late maintenance strategy has slightly more substructures with ratings between 5 
and 7 than the early maintenance strategy does. The early maintenance strategy has more 
substructures with ratings between 3 and 4. The $200 million budget also has fewer bridge 
substructures with condition ratings of 3 or lower and more bridge substructures with a 
condition rating of 5 or greater than the $150 million budget. This is expected, because 
































































Figure 4.8: Substructure Condition Rating Distribution after BMRS run for $250 million budget 
With a $250 million budget, the standard maintenance strategy has the greatest 
number of bridge substructures with a condition rating above 5. The majority of these 
substructures have a rating between 5 and 6, as shown by the high value in the condition rating 
bin labeled “6.” The early maintenance strategy and late maintenance strategy give very similar 
results. The late maintenance strategy has slightly more substructures with ratings between 5 
and 7 than the early maintenance strategy does. The early maintenance strategy has more 
substructures with ratings between 3 and 4. The late maintenance strategy also has the most 
substructures with condition ratings between 6 and 7. This is similar to how the early 
maintenance strategy behaves for bridge decks. The $250 million budget also has fewer bridge 
substructures with condition ratings of 3 or lower and more bridge substructures with a 
condition rating of 5 or greater than the $200 million budget. This is expected, because 































































Figure 4.9: Initial Superstructure Condition Rating Distribution 
The majority of bridge superstructures have a condition rating of 5 or greater. Because 5 
is considered fair condition, this means that the majority of bridge superstructures are in at least 
fair condition. Only a few bridge superstructures have a condition rating of 3 or lower. Only a 
few bridge superstructures have a condition rating of 3 or lower. A rating of 3 is considered to 
be poor condition, requiring that maintenance or replacement be performed soon. 
Figures 4.10 through 4.12 show the distributions of superstructure condition ratings 




































































Figure 4.10: Superstructure Condition Rating Distribution after BMRS run for $150 million 
budget 
With a $150 million budget, the standard maintenance strategy has the greatest 
number of bridge superstructures with a condition rating above 5. The majority of these 
superstructures have a rating between 5 and 6, as shown by the high value in the condition 
rating bin labeled “6.” The early maintenance strategy has the greatest number of bridge 
superstructures with a condition rating of 6 or greater. This shows that the early maintenance 
strategy provides a trade-off between quantity and quality. Although the early maintenance 
strategy has fewer bridge superstructures with a condition rating above 5 than the standard 
maintenance strategy does, it also has more bridge superstructures with ratings above 6. These 
bridge superstructures will take longer to deteriorate to the lower condition ratings, so they will 
have slightly longer before they must be replaced or have maintenance performed on them. The 
late maintenance strategy has the greatest number of bridge superstructures with a condition 
rating between 4 and 5. This shows that the late maintenance strategy has the fewest bridge 


































































Figure 4.11: Superstructure Condition Rating Distribution after BMRS run for $200 million 
budget 
With a $200 million budget, the standard maintenance strategy has the greatest 
number of bridge superstructures with a condition rating above 5. The majority of these 
superstructures have a rating between 5 and 6, as shown by the high value in the condition 
rating bin labeled “6.” The early maintenance strategy has the greatest number of bridge 
superstructures with a condition rating of 6 or greater. The late maintenance strategy has the 
greatest number of bridge superstructures with a condition rating between 4 and 5. The $200 
million budget also has fewer bridge superstructures with condition ratings of 3 or lower and 
more bridge superstructures with a condition rating of 5 or greater than the $150 million 
budget. This is expected, because treatments are performed on more bridge superstructures 


































































Figure 4.12: Superstructure Condition Rating Distribution after BMRS run for $250 million 
budget 
With a $250 million budget, the standard maintenance strategy has the greatest 
number of bridge superstructures with a condition rating above 5. The majority of these 
superstructures have a rating between 5 and 6, as shown by the high value in the condition 
rating bin labeled “6.” The early maintenance strategy has the greatest number of bridge 
superstructures with a condition rating of 6 or greater. The late maintenance strategy has the 
greatest number of bridge superstructures with a condition rating between 4 and 5. The $250 
million budget also has fewer bridge superstructures with condition ratings of 3 or lower and 
more bridge superstructures with a condition rating of 5 or greater than the $200 million 
budget. This is expected, because more treatments are performed on bridge superstructures 

































































4.2. Threshold Analysis 
 
Once the initial and post-run component condition rating analyses were performed, the 
effectiveness of the different maintenance strategies from the different BMRS runs was 
evaluated. To evaluate the effectiveness of BMRS runs, a threshold analysis was performed. A 
threshold analysis allows for comparisons of different budget levels and different sets of trigger 
values. To perform a threshold analysis, a threshold value must be established. In this project, 
the threshold value is an NBI component condition rating. For each bridge component, the 
number of bridges with a component rating greater than or equal to the threshold value was 
calculated. This number was converted to a percentage of bridges greater than or equal to the 
threshold value. For each run of the BMRS software, a threshold value of 5 was used. After 
running the BMRS software, the results for the threshold value analysis were compiled. For each 
component and budget level, the three different levels of ADT were combined to analyze the 
whole bridge network. All figures in this section have the y-axis start at a value of 40 instead of a 
value of 0.  







Figure 4.13: Threshold Analysis for Bridge Decks with $150 Million Dollar Budget 
Figure 4.13 shows that, for a budget of $150 million, both the standard maintenance 
strategy and early maintenance strategy have almost identical values for the percentage of 
bridges with deck ratings above the threshold in years 1-10. However, the strategies start to 
separate in year 11, are very similar in year 20, and then separate again because the early 
maintenance strategy experiences a drop in the percentage of bridge decks with a condition 
rating greater than or equal to the threshold of 5. The standard maintenance strategy provides 
the best results. Until year 30, the early maintenance strategy has a higher percentage of bridge 
decks greater than or equal to the threshold rating. After year 30, the late maintenance strategy 
has an equal or higher percentage of bridge decks greater than or equal to the threshold rating. 
After year 45, the early maintenance strategy again has a higher percentage of bridge decks 
greater than or equal to the threshold rating.  
As the analysis period continues, the bridge deck condition rating distributions tend to 
have a greater and greater numbers of bridges with condition ratings between 5 and 6. This 
phenomenon is shown in Figures 4.2 through 4.4, the bridge deck condition rating distribution 

































































percentage of bridges greater than or equal to the threshold rating of 5. This is because bridge 
decks with a condition rating above 5 will deteriorate below the threshold of 5, and eventually 
get repaired and jump above the threshold to a value of 6 or 7. Because the rate at which bridge 
decks deteriorate below the threshold of 5 is very close to the rate at which bridge decks get 
repaired and jump above the threshold of 5, a near-equilibrium state is reached for the bridge 
network. For almost every bridge that deteriorates below the threshold of 5, another bridge will 
get repaired and jump above the threshold of 5. This near- equilibrium state leads to the small 
fluctuations in the percentage of bridges greater than or equal to the threshold rating of 5.   
The bridges that drop to inadequate condition ratings will have the full bridge 
replacement applied to them, and have the deck condition rating jump up to 9. Future research 
should explore combining these strategies. For example, during the first half of the analysis 
period, the early maintenance strategy can be used; but during the second half of the analysis 
period, the late maintenance strategy can be used. By updating the BMRS code to allow for 
changing the maintenance strategy at a certain point in the analysis, this will open up new 
maintenance strategies to be analyzed.  
For every strategy, the highest percentage of bridge decks above the threshold rating 
for each run occurs in the first 10 years of the analysis period. This can be attributed to the 
starting values having a high percentage of bridge decks with a condition rating of 5 or greater. 
In the first 10 years of the analysis period, some of the bridge decks with a condition rating 
lower than 5 will get treated and will get a performance jump to a condition rating greater than 
5. However, the maximum condition rating that a bridge deck can get from a performance jump 
in BMRS has been set to 7 for this project. The only exception to this is a bridge replacement, 
which can reset the condition rating to a value of 9. As the analysis period continues, decks with 
a condition rating of 8 or 9 will eventually deteriorate below a rating of 7. Because these decks 
will only go above a rating of 7 with a bridge replacement, the rate at which bridge decks will 
drop below a condition rating of 5 increases, because the bridges will take less time to drop 
below a condition rating of 5. As bridges continue to deteriorate after the first 10 years of the 
analysis, the rate at which bridges will drop lower than a condition rating of 5 surpasses the rate 
at which bridge deck repairs will move condition ratings greater than or equal to a condition 
rating of 5. This difference in rates will lead to a lower percentage of bridge decks having a 





available, then the rate at which bridge decks would become greater than or equal to the 
threshold rating of 5 would increase, and a higher percentage of bridge decks would be greater 
than or equal to the threshold value of 5. Future research on this subject should check the 
assumption in BMRS that bridge ratings can only have a performance jump to a set value, such 
as 7. Eventually, these rates will balance out, because the worst bridges are replaced and the 
phenomenon where most of the bridges have condition ratings between 5 and 6 will occur. 
 
Figure 4.14: Threshold Analysis for Bridge Decks with $200 million Dollar Budget 
With a $200 million budget; the behavior of the bridge deck runs is very similar to that 
of a $150 million budget. The major difference is that, with a higher budget, more bridges can 
be repaired. This means that, although the shapes of the curves for each deck run are similar, 
for each curve, the number of bridge decks greater than or equal to the threshold rating is 
slightly higher. Table 4.1 gives the number of bridge decks greater than or equal to the threshold 


































































Figure 4.15: Threshold Analysis for Bridge Decks with $250 million Dollar Budget 
With a $250 million budget; the behavior of the bridge deck runs is very similar to that 
of a $150 million and $200 million budget. The major difference is that with a higher budget, 
more bridges can be repaired. This means that, although the shapes of the curves for each deck 
run are similar, for each curve, the number of bridge decks with a component condition rating 
greater than or equal to the threshold rating is slightly higher for the $250 million budget. Table 
4.1 gives the percentage of bridge decks greater than or equal to the threshold rating for each 






































































Table 4.1: Percentage of bridge decks greater than or equal to threshold rating (5) for each 
strategy 
Budget standard maintenance  early maintenance late maintenance 
$150 million budget 80.7 68.9 62.8 
$200 million budget 90.6 68.4 64.3 
$250 million budget 93.8 71.4 66.1 
 
For bridge substructures; Figures 4.16 through 4.18 show the results for each budget 
level. 
 
Figure 4.16: Threshold Analysis for Bridge Substructures with $150 million Dollar Budget 
Figure 4.16 shows that, with a budget of $150 million, both the standard maintenance 
strategy and early maintenance strategy have almost identical values for the percentage of 
bridges with substructure ratings above the threshold in years 1-10. However, the strategies 
start to separate in year 11, are very similar in year 15, and then separate again because the 
early maintenance strategy experiences a drop in the percentage of bridge substructures with a 
condition rating greater than or equal to the threshold of 5. Until year 30, the early maintenance 
strategy has a higher percentage of bridge substructures greater than or equal to the threshold 






































































substructures with component condition ratings greater than or equal to the threshold rating. 
After year 45, the early maintenance strategy again has a higher percentage of bridge 
substructures greater than or equal to the threshold rating.  
Overall, the highest percentage of bridge substructures with component condition 
ratings greater than or equal to the threshold rating for each run occurs in the first 10 years of 
the analysis period. This behavior is similar to the bridge deck runs; which can be attributed to 
the starting values having a high percentage of bridge decks with a condition rating greater than 
or equal to 5. The reasoning for this behavior is the same as for the bridge deck runs. 
Once again, the standard maintenance strategy performs the best of all three strategies. 
The difference in the substructure strategies is similar to the difference in the deck strategies. 
The reasoning that the standard maintenance strategy performs the best is again similar to the 
reasoning for why the standard maintenance strategy performs the best for bridge decks.  
 
 






































































With a $200 million budget; the behavior of the bridge substructure runs is very similar 
to that of a $150 million budget. The major difference is that with a higher budget, more bridges 
can be repaired. This means that although the shapes of the curves for each substructure run 
are similar, for each curve, the number of bridge substructures with component condition 
ratings greater than or equal to the threshold rating is slightly higher. Table 4.2 gives the 
percentage of bridge substructures greater than or equal to the threshold rating for each 
strategy after year 50 of each run. 
 
 
Figure 4.18: Threshold Analysis for Bridge Substructure with $250 million Dollar Budget 
With a $250 million budget; the behavior of the bridge substructure runs is very similar 
to that of a $150 million and $200 million budget. The major difference is that with a higher 
budget, more bridges can be repaired. This means that although the shapes of the curves for 
each substructure run are similar, for each curve, the number of bridge substructures with 






































































Table 4.2 gives the percentage of bridge substructures greater than or equal to the threshold 
rating for each strategy after year 50 of each run. 
Table 4.2: Percentage of bridge substructures greater than or equal to threshold rating (5) for 
each strategy 
Budget standard maintenance  early maintenance late maintenance 
$150 million budget 78.1 51.6 56.1 
$200 million budget 88.7 50.7 57.3 
$250 million budget 95.0 52.9 59.4 
 
For bridge superstructures; Figures 4.19 through 4.21 show the results for each budget 
level. 
 
Figure 4.19: Threshold Analysis for Bridge Superstructures with $150 million Dollar Budget 
Figure 4.19 shows that, with a budget of $150 million, the standard maintenance 
strategy and early maintenance strategy have almost identical values for the percentage of 
bridges with substructure ratings greater than or equal to the threshold in years 1-10. However, 








































































drop in the percentage of bridge substructures with a condition rating greater than or equal to 
the threshold of 5. Until year 25, the early maintenance strategy has a higher percentage of 
bridge substructures greater than or equal to the threshold rating. After year 25, the late 
maintenance strategy has an equal or higher percentage of bridge substructures greater than or 
equal to the threshold rating.  
Overall, the highest percentage of bridge superstructures with condition ratings greater 
than or equal to the threshold rating for each run occurs in the first 10 years of the analysis 
period. This behavior is similar to the bridge deck and substructure runs; which can  
be attributed to the starting values having a high percentage of bridge decks with a condition 
rating of 5 or higher. The reasoning for this is the same as for the bridge deck and substructure 
runs. 
Once again, the standard maintenance strategy performs the best of all three strategies. 
The difference in the superstructure strategies is similar to the difference in the deck strategies. 
The reasoning that the standard maintenance strategy performs the best is again similar to the 








Figure 4.20: Threshold Analysis for Bridge Superstructure with $200 million Dollar Budget 
With a $200 million budget; the behavior of the bridge superstructure runs is very 
similar to that of a $150 million budget. The major difference is that with a higher budget, more 
bridges can be repaired. This means that although the shapes of the curves for each 
superstructure run are similar, for each curve, the number of bridge superstructure with 
component condition ratings greater than or equal to the threshold rating is slightly higher. 
Table 4.3 gives the percentage of bridge superstructures greater than or equal to the threshold 










































































Figure 4.21: Threshold Analysis for Bridge Superstructure with $250 million Dollar Budget 
With a $250 million budget; the behavior of the bridge superstructure runs is very 
similar to that of a $150 million and $200 million budget. The major difference is that with a 
higher budget, more bridges can be repaired. This means that although the shapes of the curves 
for each superstructure run are similar, for each curve, the number of bridge superstructure 
with component condition ratings greater than or equal to the threshold rating is slightly higher. 
Table 4.3 gives the percentage of bridge superstructures greater than or equal to the threshold 













































































Table 4.3: Percentage of bridge superstructures greater than or equal to threshold rating (5) for 
each strategy 
Budget standard maintenance  early maintenance late maintenance 
$150 million budget 71.1 50.1 52.2 
$200 million budget 84.8 50.2 53.7 
$250 million budget 89.3 53.6 55.2 
 
 
4.3. Evaluating Results of Distribution Analysis and Threshold Analysis 
 
The distribution analysis shows that the standard maintenance strategy, the early 
maintenance strategy, and late maintenance strategy all perform well in different ways. Figures 
4.2 to 4.4, Figures 4.6 to 4.8, and Figures 4.10 to 4.12 show that the standard maintenance 
strategy has the highest number of bridge components above a rating of 5 by the end of the 50-
year analysis period. These figures also show that the early maintenance strategy has the 
highest number of bridge components with a condition rating of 6 or better by the end of the 
analysis period. These figures also show that the late maintenance strategy has the lowest 
number of bridge components with a condition rating worse than 3 by the end of the analysis 
period. All three of the following performance measures are desirable: highest number of bridge 
components with a rating of better than 5, highest number of bridge components with a 
condition rating of 6 or better, and lowest number of bridge components with a condition rating 
worse than 3. Because each bridge management strategy performs the best in only one 
performance measure, further analysis is needed beyond the distribution analysis.  
The threshold analysis provides some additional insight into how well each bridge 
management strategy performs. The threshold analysis clearly shows that the standard 
maintenance strategy performs the best. For every figure, Figure 4.13 to Figure 4.21, the 
standard maintenance strategy has the highest percentage of bridge components above the 
performance threshold of 5 by year 15, or even earlier in the analysis period for some 
components. After the standard maintenance strategy gets to the highest percentage of bridge 





percentage of bridge components above the performance threshold for any remaining year of 
the analysis period. This shows that the standard maintenance strategy consistently performs 
the best in the threshold analysis for every bridge component at every budget level. 
The distribution analysis and threshold analysis each evaluate how well a bridge 
management strategy is performing. Each method of analysis -- distribution analysis and 
threshold analysis -- only gives a partial evaluation of each bridge management strategy. These 
two methods of analysis need to be combined in some way to fully evaluate a bridge 
management strategy. To meet this need to evaluate bridge management strategies, a utility 
function was created, and utility analysis was performed for each bridge management strategy. 
More details about the utility function and the resulting analysis are available in Section 3 of 




























5.1. Implications of Different Bridge Management Strategies 
 
This project investigated varying two different elements of bridge management 
strategies. The first element was trigger value at which different treatments were performed. 
The second element was the budget. 
To test variations in the trigger values, three different bridge management strategies 
were proposed: a standard maintenance strategy, an early maintenance strategy, and a late 
maintenance strategy. Each strategy has six different treatments that can be applied to different 
bridge components. Each treatment has a range of trigger values at which the treatment can be 
performed. The ranges of trigger values for these treatments were based on a dTIMS run 
performed by INDOT for this project. The details of the different trigger values for these 
strategies are discussed in Section 4 of Chapter 3.  
For each bridge management strategy, five different maintenance treatments and one 
replacement treatment were used. These treatments were selected from a dTIMS run 
performed by INDOT for this project. When bridge components deteriorate to a component 
condition rating of 6 or below, maintenance treatments can be performed on the components 
to increase their condition ratings. The rate at which this deterioration occurs is taken from 
deterioration curves developed for IBMS (Sinha, et. al, 2009).  Each maintenance treatment 
changed either the bridge deck condition rating, the substructure condition rating, or the 
superstructure condition rating. For example a deck rehabilitation treatment will increase the 
deck condition rating from its current rating to a rating of 6. (“Performance jumps” in BMRS 
always increase the component condition rating to a set value regardless of the starting 
condition rating.)The bridge components with the very worst component condition ratings are 
considered candidates for bridge replacement treatment. The bridges that are candidates for a 





There is an important difference between replacement treatments and maintenance 
treatments. Instead of just increasing one component condition rating, a bridge replacement 
treatment increased all three of the condition ratings. For example, a bridge replacement 
treatment will increase the deck condition rating from its current rating to a rating of 9, the 
substructure condition rating from its current rating to a rating of 9, and the superstructure 
condition rating from its current rating to a rating of 9. Figure 5.1 illustrates the difference in 
performance jumps between a maintenance treatment and replacement treatment using a 
maintenance treatment for a bridge deck and a replacement treatment for the whole bridge.   
 
Figure 5.1: Performance Jumps for Maintenance and Replacement Treatments 
To test variations in the budget, three different annual budget levels were used: $150 
million, $200 million, and $250 million. The $150 million amount represents the approximate 
current level of spending for bridge maintenance and replacement by INDOT. The $200 million 
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treatment is performed on a bridge component in BMRS, the cost of the treatment is removed 
from the budget until the budget is used up. The costs for each treatment do not vary from 
strategy to strategy and were taken from a dTIMS run performed by INDOT for this project.  
In the dTIMS run performed by INDOT for this project, bridge replacement annually 
used an average of 20.31% of the total budget. Because a bridge replacement treatment affects 
bridge component condition ratings differently than a bridge maintenance treatment, the three 
different budget levels were each spilt up into a maintenance and replacement component. The 
maintenance and replacement components of the budget were then divided into three different 
categories based on the ADT of traffic approaching a bridge. The procedure for splitting the 
budget is discussed in Section 4 of Chapter 3. 
One element of bridge management that was not changed in this project was the 
number of bridge replacements performed. For all strategies, a constant percentage of 20.31% 
of the budget was dedicated to bridge replacement. Future research should look at the effects 
of dedicating different percentages of the budget to replacement treatments versus the 
percentage of budget dedicated to maintenance treatments. 
When using BMRS to test different bridge management strategies, there are a few 
important modeling simplifications and assumptions that should be taken into consideration 
when analyzing BMRS results. One simplification is the number of treatments in a BMRS bridge 
management strategy. Each bridge management strategy only uses 6 different treatments, 
while IBMS and dTIMS have 55 different treatments. BMRS also does not account for economies 
of scale in costs of treatments; the costs are based on an average value for all bridges and were 
taken from the dTIMS run performed by INDOT for this project. BMRS also assumes that a 
performance jump will improve a component condition rating to a set value, regardless of the 
starting condition of that component. For example, for a bridge deck that has a deck 
rehabilitation treatment performed on it, the deck condition rating will be 6 after the treatment 
is performed, regardless of whether the deck condition rating before the treatment was 3, 4, or 
5. BMRS assumes improvements from a treatment will occur in the year after the treatment was 
performed. 
The strategy that performed the best was the standard maintenance strategy. This 





more detailed results for the performance of the standard maintenance strategy, as well as the 
other two strategies. 
 
5.2. Effects of Varying Budget 
 
Figure 5.2 and Table 5.1 show the percentages of bridge component condition ratings 
greater than or equal to the performance threshold of 5 for the standard maintenance strategy 
at the three different budget levels. In most figures in this report, when percentages of 
component condition ratings greater than or equal to the performance threshold are displayed, 
they are for only one bridge component at a time. In the figures and tables in this section, the 
percentages displayed are for all three bridge components combined. All figures in this section 
have the y-axis start at a value of 40 instead of a value of 0. 
 













































































Table 5.1: Comparison of budget levels for Standard maintenance strategy Threshold Analysis (5 
year increments) 




$250 million budget 
5 96.5 98.4 98.9 
10 97.8 98.3 98.4 
15 95.5 96.6 97.1 
20 94.7 96.4 97.2 
25 93.3 95.1 95.8 
30 86.3 88.9 91.7 
35 88.9 93.3 96.6 
40 82.2 88.0 94.4 
45 80.7 88.7 92.3 
50 76.6 88.0 92.7 
 
As Table 5.1 shows, for the standard maintenance strategy, the differences in the 
percentage of bridge component condition ratings greater than or equal to the performance 
threshold changes dramatically after year 25. This can be seen using a percentage difference 
analysis, which is performed using Equation (5.1). 
 (5.1) Percentage Difference = 
௉ೌ್೚ೡ೐೟೓ೝ೐ೞ೓೚೗೏మି௉ೌ್೚ೡ೐೟೓ೝ೐ೞ೓೚೗೏భሺ௉ೌ್೚ೡ೐೟೓ೝ೐ೞ೓೚೗೏మା௉ೌ್೚ೡ೐೟೓ೝ೐ೞ೓೚೗೏భሻכ଴Ǥହ כ ͳͲͲ 
The following is an example of using Equation (5.1) for year 25 of the standard maintenance 
strategy: 
(1) Pabove threshold 2= 95.84 (value for $250 million budget) and  Pabove threshold = 93.27(value for 
$150 million budget) 
(2) ܦ݂݂݅݁ݎ݁݊ܿ݁݅݊ݐ݄ݎ݁ݏ݄݋݈݀ ൌ ଽହǤ଼ସିଽଷǤଶ଻ሺଽହǤ଼ସାଽଷǤଶ଻ሻכ଴Ǥହ כ ͳͲͲ= 2.72% 
In year 25, the $250 million budget has 2.72% more bridge components greater than or equal to 
the threshold than the $150 million budget and the $200 million budget has 1.91% more bridge 





budget. By year 50, the $250 million budget has 18.94 % more bridge components greater than 
or equal to the threshold than the $150 million budget and the $200 million budget has 13.86% 
more bridge components greater than or equal to the threshold than the $150 million budget. 
This shows that as the analysis period continues, the benefits of a greater budget become more 
apparent. 
Figure 5.3 and Table 5.2 show the percentages of bridge component condition ratings 
greater than or equal to the performance threshold of 5 for the early maintenance strategy. 
 

















































































Table 5.2: Comparison of budget levels for Early maintenance Strategy Threshold Analysis (5 
year increments) 






5 95.8 98.3 98.9 
10 97.4 98.3 98.4 
15 88.4 88.7 88.9 
20 84.7 85.9 86.1 
25 76.7 77.9 78.3 
30 63.4 63.3 64.2 
35 60.5 64.0 64.0 
40 57.9 64.5 58.0 
45 55.1 53.6 56.2 
50 56.9 56.5 59.3 
 
As Table 5.2 shows, for the early maintenance strategy, the differences in the 
percentage of bridge component condition ratings greater than or equal to the performance 
threshold changes much less dramatically after year 25 than the standard maintenance strategy 
does. This can be seen using a percentage difference analysis. In year 25, the $250 million 
budget has 2.02% more bridge components greater than or equal to the threshold than the 
$150 million budget. By year 50, the $250 million budget has 4.13% more bridge components 
greater than or equal to the threshold than the $150 million budget. Also, the overall 
percentage of bridge components greater than or equal to the threshold of 5 is much lower in 
year 50 for the early maintenance run. For the standard maintenance strategy the percentage of 
bridge components greater than or equal to the threshold of 5 in year 50 is 92.67% for a budget 
of $250 million. For the early maintenance strategy, this percentage is only 59.29%. When 
analyzing these results, it is important to also remember the condition rating distribution 
histograms in Chapter 4. Although the percentage of bridge components greater than or equal 
to the threshold is lower for the early maintenance run, there are also more bridges with 





Figure 5.4 and Table 5.3 show the percentages of bridge component condition ratings 
greater than or equal to the performance threshold of 5 for the late maintenance strategy. 
  





















































































Table 5.3: Comparison of budget levels for Late maintenance Strategy Threshold Analysis (5 year 
increments) 






5 90.6 90.6 90.8 
10 89.3 89.4 89.7 
15 82.3 82.5 83.0 
20 75.8 76.2 76.6 
25 72.0 72.4 72.9 
30 65.4 66.2 67.2 
35 62.8 63.9 65.1 
40 61.7 63.3 65.2 
45 58.6 59.8 61.8 
50 57.0 58.4 60.3 
 
As Table 5.3 shows, for the late maintenance strategy, the differences in the percentage 
of bridge components greater than or equal to the performance threshold changes much less 
dramatically after year 25 than the standard maintenance strategy does. This can be seen using 
a percentage difference analysis. In year 25, the $250 million budget has 1.35% more bridge 
components greater than or equal to the threshold than the $150 million budget. By year 50, 
the $250 million budget has 5.54% more bridge components greater than or equal to the 
threshold than the $150 million budget. Also, the overall percentage of bridge components 
greater than or equal to the threshold of 5 is much lower in year 50 for the early maintenance 
run. For the standard maintenance strategy the percentage of bridge components greater than 
or equal to the threshold of 5 in year 50 is 92.67% for a budget of $250 million. For the late 
maintenance strategy, this percentage is only 60.25%. When analyzing these results, it is 
important to also remember the condition rating distribution histograms in Chapter 4. Although 
the percentage of bridge components greater than or equal to the threshold is lower for the late 








After looking at the differences in the performance of the three different strategies, it is 
important to choose the strategy that displays the best performance. Because of the constraints 
of the BMRS program, it is not recommended that one of the treatment strategies be 
implemented exactly as programmed into BMRS. Rather, it is recommended that the concepts 
behind the strategy that is chosen be implemented instead of the exact strategy.  
To compare the three different strategies, there are three different elements that 
should be considered. The first element that should be considered is the percentage of bridge 
components greater than or equal to the performance threshold. This represents the bridge 
components that are considered to be in adequate condition. Bridge components below this 
threshold condition rating will need to have maintenance or replacement performed on them 
soon. The second element that should be considered is the percentage of bridge component 
condition ratings greater than or equal to 6. This represents the bridge components with only 
minor deterioration. These bridge components will take longer than bridges with condition 
ratings less than 6 to deteriorate to a condition rating where maintenance or replacement must 
be performed. The third element is the percentage of bridge component condition ratings less 
than or equal to 3. This represents the bridge components in inadequate condition. Bridge 
components in inadequate condition require maintenance or replacement to be performed on 
them. If maintenance or replacement is not performed on these bridges, users of the bridges 
will be forced to use bridges that are below performance standards. Equation (5.2) combines 
these three elements to evaluate the three different strategies. 
 (5.2) Strategy Utility Function =  
௉ೌ್೚ೡ೐೟೓ೝ೐ೞ೓೚೗೏ଷ ൅ ௉ೝೌ೟೔೙೒೒ೝ೐ೌ೟೐ೝ೟೓ೌ೙೚ೝ೐೜ೠೌ೗೟೚లଷ െ௉ೝೌ೟೔೙೒೗೐ೞೞ೟೓ೌ೙೚ೝ೐೜ೠೌ೗೟೚యଷ    
Equation (5.2) is a utility function. Each element contributes an equal amount (one 
third) to the overall utility. Prating less than or equal to 3 is a negative utility because the higher the 
percentage of bridges with ratings less than or equal to 3 is, the worse the strategy is 
performing. After calculating the utility for each strategy, the strategy with the highest utility 





Table 5.4 shows the results of this utility analysis. For each budget level, the standard 
maintenance strategy has the highest utility values, the early maintenance strategy has the 
second highest utility values, and the late maintenance strategy has the lowest utility values. 
Table 5.4: Utility Analysis for different strategies at different budget levels 
Strategy budget level total utility 
Standard $150 million 28.88118325 
Standard $200 million 33.00584349 
Standard $250 million 36.0581352 
early maintenance $150 million 25.53779026 
early maintenance $200 million 24.11652687 
early maintenance $250 million 26.89269907 
late maintenance $150 million 22.62462801 
late maintenance $200 million 23.70127794 
late maintenance $250 million 26.07718465 
 
After performing the utility analysis, it is recommended that the standard maintenance 
strategy be implemented. However the strategy should not be implemented exactly as 
programmed into BMRS. Because the standard maintenance strategy programmed into BMRS 
only contains five treatments, this strategy should be revised and tested in dTIMS before it is 
implemented. Once the standard maintenance strategy has been revised and tested in dTIMS, 







































LIST OF REFERENCES 
 
American Association of State Highway and Transportation Officials (2013). AASHTOWare Bridge 
Management. Retrieved July 14, 2013, from 
http://www.aashtoware.org/Bridge/Pages/Management.aspx?PID=2 
Cesare, M. A., Santamarina, C., Turkstra, C., & Vanmarcke, E. H. (1992). Modeling Bridge 
Deterioration with Markov Chains. Journal of Transportation Engineering, 118(6), 820-
833. 
Federal Highway Administration. (2012). Planning Glossary - FHWA, Retrieved Decemeber 21, 
2012, from 
http://www.fhwa.dot.gov/planning/glossary/glossary_listing.cfm?TitleStart=B 
Federal Highway Administration, (2012). FHWA:NBI data dictionary, Retrieved January 1, 2013, 
from http://nationalbridges.com/nbiDesc.htm 
Grama, A. (2013). Sorting. Retrieved March 12, 2013, from 
http://www.cs.purdue.edu/homes/ayg/CS251/slides/chap8a.pdf 
Hawk, H. (2003). Bridge Life Cycle Cost Analysis. Retrieved July 13, 2013 from 
http://onlinepubs.trb.org/onlinepubs/nchrp/nchrp_rpt_483c.pdf 
Huang, Y.-H. (2010). Artificial Neural Network Model of Bridge Deterioration. Journal of 
Performance of Constructed Facilities, 24(6), 597-602. 
Lee, J., Guan H., Loo Y., & Blumenstein (2012). Refinement of Backward Prediction Method for 
Reliable Artificial Intelligence-Based Bridge Deterioration Modelling. Retrieved July 14, 
2013. doi: 10.1260/1369-4332.15.5.825  
Liu, C., Hammad, A., & Itoh, Y. (1997). Multiobjective Optimization of Bridge Deck Rehabilitation 









Orcesi, A., & Frangopol, D. (2010). Optimization of Bridge Management Under Budget 
Constraints: Role of Structural Health Monitoring, Retrieved December 1, 2012, from 
http://www.metapress.com.login.ezproxy.lib.purdue.edu/content/v677641373q876p6/
?p=2b87d96df1d4468981160f116c4ada0aπ=0 
Rodriguez, M., Labi, S., & Li, Z. (2006). Enhanced bridge replacement cost models for Indiana's 
bridge management system. Managing and Maintaining Highway Structures and 
Pavements(1958), 13-23. doi: 10.3141/1958-02 
Sinha, K. C., Labi, S., McCullouch, B. G., Bhargava, A., & Bai, Q. (2009). Updating and Enhancing 
the Indiana Bridge Management System (IBMS). doi: 10.5703/1288284314306. 
Yang, I. T., & Hsu, Y. S. (2009). Risk-based Multiobjective Optimization Model for Bridge 


































Appendix A: Attempted Troubleshooting of the Indiana Bridge Management System 
 
The Indiana Bridge Management System (IBMS) software package was originally 
developed at Purdue University. It has been used for several research projects, during which the 
software was modified by several different users. Most of these users have been graduate 
students who have moved on, but left no documentation of the changes they made. The 
researchers on this project tried to use IBMS to perform the analysis, but troubleshooting IBMS 
with little documentation became an enormous effort with no success after several months. 
Several outside sources were consulted by researchers to try to get IBMS running 
properly. These sources included a graduate research assistant who worked on project SPR-
3013:Updating and Enhancing the Indiana Bridge Management System (IBMS), a JTRP web 
developer who had been involved in SPR-3013, and a graduate research assistant with industry 
experience in computer science. Although these people generously donated their time to the 
project, none of them was able to get IBMS to work properly.   
There were several possible reasons why IBMS could not function properly. Some of the 
major challenges included finding the right computer and operating system for IBMS to run on; 
the input file structure for IBMS, and getting the output file to display correctly.  
The first challenge was to find the right computer and operating system to run IBMS on. 
Because some of the problems with IBMS were difficult to solve, researchers acquired a version 
of the source code for IBMS to try to troubleshoot it. The version of the IBMS source code that 
was given to the researchers for this project was developed using an older version of Microsoft 
Visual Studio. When researchers attempted to open the project with a newer version of Visual 
Studio, there were some complications with converting the code into a new format. After 
unsuccessfully trying to get IBMS to run on 3 different newer computers, one solution that was 
attempted was using an older computer. An older computer that was running Microsoft 
Windows XP as the operating system (the operating system which the version of IBMS given to 
researchers was developed on) and an older version of Visual Studio was used to try to 






Another challenge that had to be overcome was to get the input file for IBMS working 
properly. The input file that was used was a Microsoft Access database. This database needed to 
have a very specific set of tables. Additionally, the tables require a specific format for the data 
that they contain. With little to no documentation available, the process of figuring out the 
tables and the formatting of those tables was very time consuming, but eventually successful. 
Once a proper input file was constructed, researchers had to attempt to troubleshoot 
the IBMS output from the source code. This process was tedious and required a great amount of 
time. The way that the source code for IBMS works is that it takes the data from the tables in 
the Microsoft Access Database and manipulates those tables until a final output file is 
constructed. Some of the manipulations include creating new tables; adding and removing 
columns from some tables; and changing the data in some cells of those tables. Because the 
source code has gone through many different users, many different statements in the source 
code manipulate the input file in many different ways. Because of the volume of these 
statements and the lack of documentation in the code as to what the statements actually do, 
troubleshooting these statements was a very tedious process. Eventually, after BMRS was 
developed, researchers concluded that enough time had been spent on troubleshooting IBMS, 
and because BMRS was available and functioning, a decision to abandon the use of IBMS for this 















Appendix B: BMRS User’s Guide 
 
The Bridge Management Research System (BMRS) uses a bridge data input file that is 
constructed by the user. The data input file must be created separately, and it must be in the 
form of a Microsoft Excel spreadsheet. The format for this spreadsheet is shown in Figures B.1 
and B.2.  The order of the columns must be exactly the same as shown in these figures. The 
column headings must also be the same as given in these figures. The file format for this data 
input file must be the Microsoft Excel 97-2003 (.xls) format; other Microsoft Excel formats will 
not work. If a user has a Microsoft Excel file in another format (such as .xlsx), this file can be 
saved in the .xls file format, and BMRS will be able to use that file as the data input file as long 
as the column headings are correct. 
 
Figure B.1: BMRS Input Excel File, Columns A through D 
 
Figure B.2: BMRS Input Excel File, Columns E through G 
There are several items in this data input file: 
(1) Structure number.  This item is field 008 in the NBI data dictionary. (Federal Highway 
Administration, 2012) 
(2) Different component condition ratings. BMRS requires a deck condition rating, 
superstructure condition rating, and substructure condition rating.  
· The deck condition rating is field 058 in the NBI data dictionary.  
· The superstructure condition rating is field 059 in the NBI data dictionary. 
·  The substructure condition rating is field 060 in the NBI data dictionary.  
(3) Most recent repair year. This item is field 106C in the NBI data dictionary. BMRS 





repaired. However, sometimes this data is not available on a component by component 
basis. In this case, it is recommended that the same NBI data item, field 106C be used 
for all components. 
Once the bridge data input file has been constructed in Microsoft Excel, the user should 
open the provided .jar file to run BMRS. Figure B.3 shows the analysis period input screen. The 
length of the analysis period (in years) should be entered into the text box circled in Figure B.3. 
 
Figure B.3:  Analysis Period Input Screen 
The next user input item that is required is a budget. Figure B.4 shows the budget input 
screen.  The budget values should be input into the circled text boxes. BMRS requires the 





(1) Maintenance budget: This is entered into the text box labeled “enter budget for year x.” 
This portion of the budget will be used only on the maintenance treatments that the 
user will define and enter in the screen shown in Figure B.6. (The format for 
maintenance treatments is given in Figure B.6. The user may enter as many or as few 
treatments as desired.) 
(2) Replacement budget: This is entered into the text box labeled “enter replacement 
budget for year x.” This portion of the budget will be used only on replacement 
treatments that the user will input in the screen shown in Figure B.5. (The format for 
replacement treatments is given in Figure B.5) 
Both budget values should be entered as integer values, without commas, decimals, or 
dollar signs. BMRS will not accept input with these characters, and will not allow the user to 
continue if any of these characters are entered as input. If the budget values are constant for 
every year of the analysis period, then a budget value need be entered only into the text box 
labeled “enter budget for year 1.” By clicking the “copy values” button highlighted by the 







Figure B.4: BMRS Budget Input screen 
Figure B.5 shows the bridge replacement treatment input screen. BMRS performs bridge 
replacement treatments before bridge maintenance treatments. BMRS will perform these 
treatments for the bridges with the lowest individual component condition ratings until the 
bridge replacement budget has run out. (BMRS sorts the component condition ratings for all 
components of all bridges. The lowest component condition ratings will trigger a replacement 
treatment, in which all components of a treated bridge will receive a “performance jump.”) This 





(1) Replacement cost. The text in this text box should be entered as integer values, without 
commas, decimals, or dollar signs. BMRS will not accept input with these characters.  
(2) Resultant state. The condition rating which all the bridge components will be in if the 
replacement treatment is applied to the bridge. This represents the “performance 
jump” that the bridge components experience from the treatment. 
 
 





The next user input item that BMRS requires is treatment data.  Figure B.6 shows the input 
screen for one bridge treatment type. Treatments are entered as input one at a time. There are 
several components required for entering treatment input. 
(1) The “treatment name” text box. The treatment name is text input, and any standard 
keyboard characters are accepted by BMRS, including numbers and symbols.  
(2) The bridge component that the treatment applies to. The circled radio buttons give the 
choices for the bridge components. There are 3 radio buttons that the user can select 
from, one for each bridge component in the data input file.  
(3) The “Enter treatment cost” text box. The text in this text box should be entered as 
integer values, without commas, decimals, or dollar signs. BMRS will not accept input 
with these characters.  
(4) The “Enter Lower Bound,” “Enter Upper Bound,” and “Enter Resultant State” drop 
down boxes represent the boundary conditions for the treatment. These items are 
highlighted by the rectangle in this figure.  
· The lower bound is the minimum condition rating at which that specific 
treatment is considered feasible. If the bridge component condition is lower 
than the minimum condition rating, that treatment will not be used on the 
bridge.  
· The upper bound is the maximum condition rating at which that treatment will 
be applied. If the bridge component condition is higher than the maximum 
condition rating, then that treatment will not be used on the bridge.  
· The resultant state is the condition rating which the bridge component will be 
in if the treatment is applied to the component. This represents the 
“performance jump” that the bridge component experiences from the 
treatment.  
After the first treatment is entered, the user may want to put in more treatments for 
consideration. To add another treatment, the user simply has to use the “Add More” button at 
the bottom of the screen. This button is highlighted with the arrow in Figure B.6. Once all the 
desired treatments have been added, the “Finish” button at the bottom of the screen will move 







Figure B.6: Bridge Maintenance Treatment Input Screen 
The next required user input is the performance thresholds. A performance threshold is 
used as a performance measure for the inventory of bridges assembled in the Microsoft Excel 
input file. For each year in the analysis period, BMRS will determine how many bridges have a 
component rating above or below this component threshold. This performance will be displayed 
as the percentage of bridges above the performance threshold. The possible values for 





values are the NBI component condition ratings for each bridge component. The performance 
threshold can be selected individually for each bridge component. Once all performance 
thresholds have been selected, the user clicks the “Analyze” button at the bottom of the screen. 
This button is highlighted with the arrow in Figure B.7. 
 
Figure B.7: Threshold Input Screen 
Once the “Analyze” button is clicked, BMRS will prompt the user to select an input file. 
This input file should be the same Microsoft Excel input file created earlier by the user. The user 





shows an example of the selection screen where the input file has been stored in a folder 
named “BMRS input files.” After the user clicks on this file to select it, clicking on the circled 
“Open” button will cause BMRS to run and produce an output file. 
  
Figure B.8: BMRS input file selection screen 
After the “Open” button is clicked, the user will be prompted to save the output file 
BMRS creates. This file should be saved as .xls file. Figure B.9 shows the screen for saving this 
output file. The user selects the file name and save location of the newly created output file. (By 
default, BMRS will overwrite the input file with the output file. If the user wants to perform 
multiple runs with an input file, the user can simply rename the output file, so that the input file 
will be saved.) Once the user has selected a name and location for the output file, clicking the 
circled “Save” button will save the BMRS output file for future use. In Figure B.9, the file has 
been named “bmrs_output_1.xls” and the location selected is a folder named “BMRS output 






Figure B.9: BMRS output file save screen 
Once the output file is saved, the user can open it. Figure B.10 shows an example of a 
BMRS output file. The circled values indicate the percentages of bridge components above the 
performance threshold. In this example the performance threshold is 5 for all components. 
BMRS gives these results for each year of the analysis period, one year at a time. Each result is 
stored in a different tab in the output file. The box in Figure B.10 indicates the tabs for the 
different analysis years. The output file does not label the columns of data. They are always the 






Figure B.10: BMRS output file 
Table B.1: BMRS output file column headings 
Excel Column Letter Column heading 
A Structure Number 
B Deck Condition Rating 
C Substructure Condition Rating 
D Superstructure Condition Rating 
E Last Repair Year (Deck)  
F Last Repair Year (Substructure) 
G Last Repair Year (Superstructure) 
